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A permeabilidade mitocondrial transitoria (PMT) tem sido implicada na morte celular em
diversos modelos de desordens neurodegenerativas, incluindo hipoglicemia, isquemia e
trauma cerebral. No presente trabalho, estudamos a PMT em mitocdndrias isoladas de
cérebro de rato. A PMT induzida por Ca®" foi estimulada por Na’ e prevenida pela
combinacdo de ADP e ciclosporina A (CsA), inibidores da PMT. EGTA, um quelante de
Ca®, ou a inibigdo da captagiio de Ca®* por vermelho de ruténio, revertem parcialmente a
dissipagio do potencial de membrana mitocondrial associada a PMT. Esta foi
significantemente inibida por catalase, indicando a participagiio de espécies reativas de
oxigénio (EROs) neste processo. Pela detecgfio de EROs por meio da oxidacfio do marcador
diclorodihidrofluoresceina (H,DCF), observamos um aumento de EROs apos a captacio de
Ca”" pela mitocondria; este aumento de producio de EROs foi estimulado por Na* e
totalmente revertido pela adigdo de ADP e CsA, indicando que a PMT promove estresse
oxidativo mitocondrial. Este processo pode ser, em parte, explicado pela deplecéio de
NAD(P)H na indugfo da PMT induzida por Ca**, em mitocdndrias de cérebro de rato.
Sabe-se que NADPH mantém a fimgio antioxidante dos sistemas ghutationa
redutase/peroxidase e tioredoxina redutase/peroxidase. Além disto, a PMT estd associada
com a peroxidacfo lipidica de membrana. Estes resultados indicam que a PMT, decorrente
do aumento de EROs induzido por Ca** em mitocondrias isoladas de cérebro, leva a danos

oxidativos secundarios, come a peroxidacéio lipidica.

Para estudar o envolvimento da PMT e protefnas Bcl-2 na excitotoxicidade mediada pelo
receptor de glutamato N-metil-D-aspartado (NMDA), foram realizadas em camundongos
transgénicos que hiperexpressam Bcl-2 e em ratos, injeces intra-estriatais de acido
quinolinico, um agonista especifico deste receptor. O 4cido quinolinico causou uma
degeneracéio de aproximadamente 50% do volume estriatal em ratos e camundongos.
Camundongos transgénicos que hiperexpressam a proteina Bcl-2, uma proteina que inibe
estimulos apoptéticos, e o tratamento de ratos com CsA nfo mostraram reducio da
toxicidade ao é4cido quinolinico. Mitocondrias isoladas de cérebro de ratos tratados com
CsA mostraram resisténcia 4 inducfio de permeabilizacio induzida por Ca**, indicando
prote¢do contra a PMT. Conciuimos que a excitotoxicidade estriatal mediada por acido

quinolinico nio ¢ dependente da PMT e da morte celular por apoptose, sensivel a Bel-2.,
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Mudancas na integridade mitocondrial, liberacio de EROs e homeostase de Ca®’ estic
envolvidas na patogénese de varias desordens neuroldgicas, incluindo a acidemia
metilmaldnica e a doenca de Huntington (HD). Estas desordens neurodegenerativas cursam
com inibigdo parcial do complexo I da cadeia respiratéria mitocondrial. Neste trabatho,
nés estudamos os mecanismos pelos quais os inibidores do complexo II da cadeia
respiratéria, maionato (MA), metilmalonato (MMA) e 3-nitropropionato (3-NP) afetam a
fun¢@o mitocondrial e a sobrevivéncia neuronal im vitro. Observou-se que estes trés
inibidores, em concentragdes que inibem aproximadamente 50% a respiragio, induzem
permeabilizagfio mitocondrial quando na presenga de concentragdes micromolares de Ca®'.
ADP, CsA e catalase preveniram este efeito, indicando que é mediado por ERQs ¢ PMT.
Os efeitos de MA, MMA e 3-NP também foram observados em mitocondrias isoladas de
figado ¢ rim, mas necessitaram uma maior inibigio respiratéria. Em cérebro, a PMT
promovida por inibidores do complexo II foi estimulada pelo aumento da
captagio/liberagio de Ca®" mitocondrial ¢ foi inibida quando a mitocondria foi pré-
carregada com Ca”* ou a entrada de Ca** na matriz mitocondrial foi somente passiva. Em
adiciio aos experimentos com mitocOndrias isoladas, o efeito de MMA também foi
estudado em cultura de células PC12 ¢ fatias de estriado de ratos adultos. MMA promoveu
morte celular nas fatias de estriado e cultura de células PC12, num mecanismo sensivel a
CsA e bongkrekato, ¢ nio diretamente relacionado a inibigio respiratéria. Conclui-se que,
em condigdes em que o complexo IT da cadeia respiratéria mitocondrial esta parcialmente

inibida no sistema nervoso central, a morte neuronal envolve a participacio da PMT.
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Mitochondrial permeability transition (MPT) may be involved in several central nervous
system disorders including ischemic and hypoglicemic neuronal death. In this study, we
show that Ca*’-induced brain mitochondrial PT was stimulated by Na™ and totally
prevented by the combination of ADP and cyclosporin A (CsA). Removal of Ca®* from the
mitochondria suspension by EGTA or inhibition of Ca®* uptake by ruthenium red partially
reverted the dissipation of the membrane potential associated with PT. Ca**-induced brain
mitochondrial PT was significantly inhibited by catalase, indicating the participation of
reactive oxygen species (ROS) in this process. An increased detection of ROS, measured
through dichlorodihydrofluorescein oxidation, was observed after mitochondrial Ca®"
uptake. Ca’*-induced dichlorodihydrofluorescein oxidation was enhanced by Na’ and
prevented by ADP and CsA, indicating that PT enhances mitochondrial oxidative stress.
This could be at least in part a consequence of the extensive depletion in NAD(P)H that
accompanied Ca’*-induced brain mitochondrial PT. NADPH is known to maintain the
antioxidant function of the glutathione reductase/peroxidase and thioredoxin
reductase/peroxidase systems. In addition, the occurrence of mitochondrial PT was
associated with membrane lipid peroxidation. Our results showed that PT further increases
Ca’-induced oxidative stress in brain mitochondrial leading to secundary damage such as
lipid peroxidation.

We studied the participation of PT and the Bcel-2-sensitive apoptotic cell death pathway in
glutamate receptor-mediated excitotoxicity. Intrastriatal infusions of the N-methyl-D-
aspartate (NMDA) receptor agonist quinolinic acid caused massive striatal
neurodegeneration in both rats and mice. Interestingly, transgenic mice overexpressing
human Bcl-2 and rats systemically treated with CsA did not exhibit reduced sensitivity to
quinolinic acid-induced striatal toxicity. In addition, isolated brain mitochondrial from
CsA-treated rats showed resistance to Ca**-induced dissipation of the membrane potential,
indicating protection against PT. We conclude that quinolinic acid-mediated striatal

excitotoxicity is not dependent on PT and Bcl-2-sensitive apoptotic cell death pathways.

Changes in mitochondrial integrity, reactive oxygen species release and Ca® handling are
proposed to be involved in the pathogenesis of many neurological disorders including
methylmalonic acidemia and Huntingtorn’s disease (HD), which exhibit partial
mitochondrial complex 1II inhibition. We studied the mechanisms by which the respiratory

Abstract
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chain complex II inhibitors malonate (MA), methyl-malonate (MMA) and 3-
nitropropionate (3-NP} affect mitochondrial function and neuronal survival. We observed
that all three inhibitors, at concentrations which inhibit respiration by 50%, induced
mitochondrial permeabilization when in the presence of low Ca’" concentrations. ADP,
CsA and catalase prevented this effect, indicating it is mediated by ROS and PT. The
effects of MA, MMA and 3-NP were also present in mitochondria isolated from liver and
kidney, but required more significant respiratory inhibition. In brain, PT promoted by
complex Il inhibitors was stimulated by increasing Ca®* cycling and absent when
mitochondria were pre-loaded with Ca*" or when only passive Ca®* uptake was present. In
addition to the experiments on isolated mitochondria, we determined the effect of MMA on
cultured neural cells model and freshly prepared brain slices. MMA promoted cell death in
striatal slices and PC12 cells, in a manner attenuated by CsA and bongkrekate and
unrelated to direct respiratory inhibition. We propose that under conditions in which
complex II is partially inhibited in the central nervous system, neuronal cell death involves
the induction of M PT.

Abstract
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1.1-ISQUEMIA CEREBRAL

Devido ao grande potencial de morbidade ¢ mortalidade, as lesGes no sistema
nervoso central (SNC) causam sério impacto sdcioecondmico. Os fatores etiologicos
passiveis de causar lesbes neurol6gicas sfo vérios, entre eles: hipertensdio arterial, doencas
vasculares, infecg0es, traumatismo crénio-encefilico e doencas hereditarias. Na maioria das
vezes, as lesGes no SNC deixam seqiielas, como déficits motores, cognitivos ou de
memoria, dependendo do local atingido e/ou do tamanho da lesdio (PULSINELLI, 1992;
LIPTON, 1999).

Dentre as lesdes no SNC, podem citar os acidentes cerebrovasculares cerebrais
(AVC). Os AVC podem ser divididos em duas principais categorias: hemorragicos ou
isquémicos. Nos acidentes vasculares hemorragicos existem hemorragias locais, com outros
fatores complicadores, tais como aumento da pressdo intracraniana, edema cerebral, entre
outros, levando a sinais nem sempre focais. Os acidentes isquémicos sio os mais comuns,
cerca de 80%, ¢ ocorrem devido & falta ou redugio do fluxo sangiiineo para os tecidos,
resultando em privagdo de oxigénio e glicose, além de diminuicio na sintese de alguns
produtos metabélicos produzidos pelo cérebro (SIESJO et al., 1974; PULSINELLI, 1992;
LIPTON, 1999).

A gravidade da lesAo isquémica € decorrente do grau e do tempo de duragfio da
isquemia, podendo ser classificada temporalmente em transitéria ou perene e,
topograficamente, em global, focal ou multifocal; além de total ou parcial, nos modelos gue
se referem & reducfo no fluxo sangiiineo (GINSBERG e BUSTO, 1989; HUNTER et al,
1995; GINSBERG, 1997). Os modelos de isquemia tramsitéria ou de curta duracdo
(< 15 min em ratos) apresentam um periodo de reperfusio, ou seja, aqueles em que o
sangue torna a fluir nos vasos sangiiineos e a homeostase iénica do tecido ¢ rapidamente
restaurada (15-30 min) (SIEMKOWICZ, 1981; PULSINELLI ¢ DUFFY, 1983: LIPTON,
1999), enquanto que nas isquemias perenes ou de longa duracSio (1-2 h), a homeostase
ibnica do tecido € parcialmente restaurada apés a reperfusfo e sio caracterizadas pela morte
de células neuronais e gliais entre 36-72 h ap6s o insulto (LINN et al., 1987; PULSINELLI,
1992; LIPTON, 1999).

Tntroducéo
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A isquemia cerebral global pode afetar o cérebro inteiro, podendo induzir a
perda da pressfo sangliinea e aumento da pressio intracraniana, levando a edemas
cerebrais. A isquemia focal afeta partes do cérebro, podendo causar danos permanentes em
neuronios especificos e regides particulares do SNC, sugerindo uma vulnerabilidade
seletiva que ocorre em areas menos vascularizadas (SCHMIDT-KASTNER e FREUND,
1991; LIPTON, 1999). Vérios pesquisadores tém demonstrado que os neurbnios diferem
em sua sensibilidade ao dano isquémico e em sua capacidade de recuperacfio apos o insulto
(PULSINELLI, 1992; 1997, AUER, 1998). Algumas 4reas apresentam maior
vulnerabilidade, particularmente a regifio CA1 do hipocampo, onde se observa morte de
quase todos os neurénios apés uma breve interrupgio do fluxo sangiiineo cerebral
(PULSINELLL 1992; AUER, 1998). Depois das células piramidais da regifio CAl do
hipocampo, as células mais sensiveis & isquemia sdo os neurdnios das 3.2 e 4.2 camadas
corticais, estriado, septo, CA3, talamo-optico € substancia nigra (SCHIMIDT-KASTNER e
FREUND, 1991; PULSINELLI, 1992; KOGURE e KATO, 1993). Em contraste, as células
granulares do giro denteado e astrécitos possuem uma alta resisténcia a insultos isquémicos
(KIRINO, 1982; PULSINELLI, 1992). A susceptibilidade do sistema nervoso central a
isquemia € multifatorial e ocorre principalmente pela convergéncia das propriedades
bioquimicas de alguns grupos celulares, além da severidade do insulto ¢ da regifo
anatdmica na qual estas células se encontram (PULSINELLI, 1997; AUER, 1998).

Hirschenerg ¢ Winterstein (1917) sugeriram pela primeira vez, utilizando
modelos de preparagbes de medula espinhal de rés, o consumo de glicose pelo SNC. Em
1924, neste mesmo modelo, observaram a produgfio de Acido latico na auséncia de oxigénio
¢, finalmente em 1951, Himwich demonstrou o consumo de oxigénio e glicose continuoc
pelo SNC, resultante da aferigdo dos niveis arterial € venoso (DIXON, 1965). Uma vez
determinado que o metabolismo do SNC depende do constante aporte de oxigénio e glicose
postulou-se que a morte das células ocorria simplesmente por “faléncia energética”
(KOGURE e KATO, 1993). De fato, o tecido cerebral possui apenas uma pequena reserva
de energia ¢ uma alta taxa metabolica sendo, assim, sensivel a hipéxia-isquémica. Este
pequeno estoque de energia € rapidamente consumido quando o aporte sistémico falha,
desencadeando uma série de alteragdes metabolicas que levam 4 morte celular
(SCHIMIDT-KASTNER e FREUND, 1991; DUGAN e CHOI, 1999; LIPTON, 1999).

Introdugio
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As alteragBes metabolicas e idnicas na regifio do insulto nfio sic homogéneas.
No centro ou core, onde o fluxo sangiiineo ¢ 20% menor que ¢ normal, as células sofrem
uma despolariza¢io apds o inicio da isquemia e rapidamente morrem. Entre o core e
regibes nfio afetadas do cérebro, encontra-se a penumbra, uma 4rea com fluxo sangiiineo
limitado, porém com parte da energia metabdlica preservada. Na penumbra, as céhilas
podem despolarizar em resposta aos niveis elevados de glitamato e K'. Repetidas
despolarizagbes nestas células sio chamadas de despolarizagdes perinfartos e podem
manter-se por até 8 h apds o infarto. Portanto, o tamanho da lesdo tecidual dependera do
mimero ¢ intensidade das despolarizacdes perinfartos. O uso de drogas que diminuem o
numero de despolarizagbes, diminuem o tamanho do insulto (DIRNAGI et al., 1999).

Durante a isquemia ¢ reperfusio ocorre uma liberacio de aminodcidos
excitatorios, em especial o glutamato, um influxo de Ca?* e um aumento de radicais livres,
marcando a fase denominada excitotoxica (LIPTON, 1999). O conceito de excitotoxicidade
foi elaborado a partir de evidéncias provindas de modelos experimentais para isquemia. A
primeira delas foi a constatagdo de wm aumento nos niveis extracelulares de glutamato
durante a isquemia ¢ a segunda, o fato de que o bloqueio de receptores NMDA inibe os
fendémenos decorrentes da descarga glutamatérgica (SCHIMIDT-KASTNER e FREUND,
1991). Receptores metabotrépicos glutamatérgicos tipo 1 (mGlul) parecem também
exercer um papel importante na morte celular pés-isquémica, uma vez que a administracio
de antagonistas especificos destes receptores atenua o danc neuromal induzido pela
isquemia (PELLEGRINI-GIAMPIETRO et al., 1999).

1.2-ACIDEMIAS ORGANICAS
1.2.1-Definico

Acidemias orgénicas sdo doengas hereditarias autossdmicas recessivas,
caracterizadas pelo distirbio no metabolismo de amino4cidos, glicidios ou lipideos,
causando actimulo tecidual de um ou mais dcidos carboxflicos (CHALMERS ¢ LAWSON,
1982; SCRIVER et al., 2001). Os defeitos de oxidagio dos dcidos graxos sdo usualmente
devido a deficiéncia severa da atividade de uma enzima, geralmente do metabolismo de

aminoécidos, podendo também comprometer o metabolismo de lipideos ou carboidratos.
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Recentemente utilizou-se o termo acidemias orgénicas cerebrais para distirbios
do metabolismo dos 4cidos organicos com manifestagdes neuroldgicas (HOFFMANN
et al, 1993; HOFFMANN, 1994). As manifestacdes clinicas normalmente ocorrem na
primeira semana de vida ¢ os sintomas predominantes sdo: encefalopatia aguda ou crdnica,
com letargia, hipotonia, retardo mental, atrofia cerebral, apatia, episédios epiléticos,
isquemia cerebral, coma e convulsdes (LEFNERT et al, 1994; FENTON et al, 2001;
SWEETMAN e WILLIAMS, 2001).

1.2.2-Aspectos Bioquimicos

Os acidos graxos, armazenados em adipdcitos na forma de triglicerideos,
constituem importante fonte de energia para a maioria dos tecidos. A oxidagdio dos acidos
graxos passa necessariamente pela produgfio de acetil coenzima A (acetil-CoA) pela
mitocdndria num processo conhecido como B-oxidagio de 4cidos graxos. Cada ciclo da
B-oxidacdo produz um NADH, um FADH, e uma acetil-CoA. O acetil, transportado por
CoA, ¢ oxidado pelo Ciclo do Acido Citrico gerando um FADH, e trés NADHs adicionais,
os quais sdo reoxidados por meio da fosforilagdo oxidativa, formando ATP. A acetil-CoA,
além de ATP, produz CO, e H,;0 nos tecidos periféricos ou saem da mitocOndria sob a
forma de citrato para a biossintese do colesterol (WANNMACHER e DUTRA, 1988:
MARKS et al.,, 1996).

A maioria dos 4cidos graxos possui um mimero par de carbonos, convertidos
por completo em acetil-CoA; entretanio, tma pequena porgio de dcidos graxos contém um
namero impar de atomos de carbono. Estes acidos graxos sio metabolizados pela via da
B-oxidacdo; contudo, a clivagem tiolitica final fornece acetil-CoA e propionil-CoA, a qual é
convertida em succinil-CoA para entrar no Ciclo do Acido Citrico. O propionato e a
proprionil-CoA sfo também produzidos pela oxidacsio dos aminoacidos isoleucina, valina e
metionina ¢ do metabolismo das bases pirimidicas timina e uracila (WANNMACHER e
DUTRA, 1988; MARKS et al., 1996).

Nos hepatécitos, durante periodos de jejum e até mesmo durante o exercicio
prolongado, acetil-CoA ¢ convertida em corpos cetdnicos, que sio liberados na corrente

sangiiinea ¢ servem como fonte de energia para o tecido muscular e rins. Além disto, em
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situagdes de grande deficiéncia de energia, os corpos cetbnicos sdo utilizados como fonte
de energia pelo cérebro. Através da corrente sangiiinea, os corpos cetdnicos, entram no
cérebro, diminuindo assim a necessidade de utilizagio de aminodcidos das proteinas
musculares para produgdo de glicose (gliconeogénese) (WANNMACHER e DUTRA,
1988; MARKS et al., 1996).

1.2.3-Acidemias Propidnica e Metilmaltnica

As acidemias propibnicas e metilmalOnicas estdo entre as acidemias organicas
mais freqlientes com incidéncia de 1:40.000 e 1:48.000, de nascidos vivos, para as
acidemias propridnica (DURAN et al, 1994) ¢ metﬁmaléniéa (SCRIVER et al, 2001)
respectivamente, ¢ sdo caracterizadas por severa acidose metabdlica, hiperglicemia e

hiperamonemia.

As acidemias propidnica e metilmaldnica caracterizam-se pelo achmulo
predominante dos 4acidos propidnico (PA) e metilmalénico (MMA), devido a deficiéncia
nas enzimas L-propionil-CoA carboxilase e L-metilmalonil-CoA mutase, respectivamente

(Esquema 1).

AlteragOes no metabolismo energético, causadas pelo acido propiénico incluem
a inibicdo de importantes enzimas envolvidas na produgfio de energia, tais como: citrato
sintase (EVANGELIOU et al,, 1985), complexo piruvato desidrogenase (GREGERSEN,
1981}, além de enzimas da oxidac8io de 4cidos graxos, reduzindo assim a atividade do Ciclo
do Acido Citrico (GLASGOW e CHASE, 1976; ESFANDIARI et al, 1997} e,
conseqiientemente, a sintese de ATP (ROE et al., 1983).
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ESQUEMA 1-Rota metabolica dos 4cidos propidnicc e  metilmal6nico
(Fonte: PETTENUZZO, 2001).

O acumulo de MMA € toxico para células de varios tecidos, incluindo
neurdnios e células gliais. Estudos sobre estes efeitos téxicos sugerem uma inibi¢do
competitiva da succinato desidrogenase, além de aumento de lactato e redugfio na produglio
de CO; no cérebro de ratos jovens (WAJINER et al., 1992; OKUN et al., 2002), decorrentes
da reduclio na producfio de energia cerebral, bem como de alteragdes na fosforilagfio de
proteinas cerebrais. Estudos recentes, em cultura de células de cortex e estriado de ratos,
mostraram uma viabilidade neuronal em torno de 10% durante a incubagdo com 10 mM de
MMA, além de uma diminuigio na relaciio ATP/ADP apés o tratamento das células com

MMA; estes efeitos podem ser explicados por meio da inibicdo da cadeia respiratéria
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mitocondrial (McLAUGHLIN et al, 1998). Deste modo, a acidemia metil-malénica
provoca uma “isquemia metabdlica”, dificultando o transporie de elétrons mitocondrial. Em
criancas com acidose metilmaldnica, o dano cerebral pode se iniciar logo apds o micio da
ingestdo de proteinas, ¢ apresenta piora gradativa, resultando geralmente em manifestacdes
neuroldégicas nos primeiros meses de vida (SWEETMAN e WILLIAMS, 2001).

1.3-ISQUEMIA CEREBRAL E EXCITOTOXICIDADE
1.3.1-Receptor V-Metil-D-Aspartato (NMDA)

O glutamato € o principal neurotransmissor excitatorio do SNC de mamiferos.
Os receptores glutamatérgicos sdo proteinas de membrana que medeiam a transmissio
excitatéria na superficie celular por meio da ligagie do glutamato (HOLLMANN e
HEINEMANN,1994; NAKANISHI e MASU, 1994) e sdo classificados em ionotrdpicos
(N-metil-D-aspartato ou NMDA, AMPA e kainato) e metabotropicos.

s receptores metabotrdpicos (grupos I e II) estiio associados as proteinas G e
somente permitem a entrada de ions monovalentes, enquantc 0§ receptores ionotrépicos
NMDA, AMPA e kainato possibilitam a entrada de ions Ca*" e Na' (HOLLMANN ¢
HEINEMANN, 1994; WESTBROOK, G.L., 1994) (Figura 1).
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FIGURA 1-Representacio dos receptores ionotropicos (AMPA e NMDA) e
metabotropicos (grupos I e IT) de glutamato no terminal simaptico (Adaptado
de: DINGLEDINE e MCBAIN In:  Siegel, G J; (ed):
"Basic = Neurochemistry”,  1999).  Abreviagdes: PIP,:  fosfatidil
inositol-4,5-bifosfato; IP;: inositol-1,4,5-trifosfato; DAG: diacilglicerel;
PSD-95, GRIP e Homer: proteinas citoplasméticas; 5,7-DCK: acido
5, 7-dicloroquinurénico; ~ CPPene:  4cido  3-(2-carboxipiperazina-4-il)
1-propenil-1-fosforico; DAPS: acido D-2-amino-5-fosfopentandico; NBQX:
6-nitro-7-sufanobenzol(f)  quinoxalina-2-3-diona; Glic: glicina; PCP:
fenilciclidina; ¢cAMP: adenosina monofosfato ciclico; AC: adenilato ciclase;
AIDC: 1-dicarboxilato (antagonista competitivo mGLuRl); PI-PLC:
fosfolipase C especifica a fosfaditil inositol.
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A atividade do receptor NMDA ¢ regulada por sitios alostérios:

e sitio para agonistas, como glutamato e 4cido quinolinico e antagonistas

competitivos;
e sitio para a glicina;
e sitio para poliaminas;
o sitio PCP (anestésicos) e MK-801 (antagonista & resposta do receptor);
e sitio para Mg®", bloqueia o canal de maneira voltagem-dependente;
o sitio para Zn®*, bloqueia o canal de maneira voltagem-independente;
e sitio redox, sensivel ao poder de oxi-reducgio dos neurdnios;
* sitio sensivel a protons.

O receptor NMDA auxilia a transmissdo siniptica, por meio do influxo de Ca**
e Na* e efluxo de K, além de contribuir para a plasticidade neuronal. Entretanto, tem-se
demonstrado que o receptor NMDA € a principal via de excitotoxicidade na morte
neuronal, provavelmente pela alta permeabilidade a fons Ca** (CHOI, 1988; REYNOLDS,
1998), sugerindo a participagdo de receptores NMDA na lesic neuronal apés
isquenma/reperfusio e em diversas desordens neurodegenerativas, incluindo doencas de
Parkinson, Alzheimer e Huntington (CHOI, 1988; MELDRUM e GARTHWAITE, 1990;
LINPTON ¢ ROSENBERG, 1994; LANCELOT ¢ BEAL, 1998).

1.3.2-Excitotoxicidade

Durante a isquemia cerebral, a concomitante redugdo da fosforilagido oxidativa
{producédo de ATP) mitocondrial ¢ a falta de substrato para a glicolise levam a um rapido
declinic do ATP tecidual (LJUNGGREN et al, 1974; NORDSTROM e SIESJO, 1978;
LIPTON, 1999} e hd um actimule de lactato, tornando a célula acidética (HACKEL e
JENNINGS, 1988). Como conseqgiiéneia da reducio da razdio ATP/ADP, ¢ gradiente idnico
ao longo da membrana plasmatica nfo pode ser mantido, ocorrendo despolarizacdo da

membrana plasmatica, efluxo de K para o meio extracelular, influxo de Ca** e Na* para o
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citosol acompanhado de influxo de CI' e 4gua, resultando em inchamento celular (LIPTON,
1999).

Paralelamente a este aumento de despolarizagio ao longo da membrana
plasmatica, ocorre uma massiva liberagio de neurotransmissores, como glutamato, para o
meio extracelular. Uma vez no meio extracelular, o glutamato poders estimular receptores
NMDA da membrana plasmética de neurdnios que promoverdo maior influxo de Ca™* ¢
Na" do meio extracelular para o citosol (LIPTON, 1999). Esta toxicidade pode ser
exacerbada pela diminuicio dos estoques de energia intracelular (ALBIN e
GREENAMYRE, 1992; DUGAN e CHOI, 1999). O glutamato também causa aumento de
Ca®" intracelular por ativagio de receptores para-g-amino-3-hidroxil-5-metilsoxanol-
proprionato (AMPA) e por levar indiretamente 2 ativagio de canais de Ca’* voltagem-
dependentes (FAROOQUI et al, 1995).

Varios fatores sfio relacionados & morte neuronal durante a isquemia e
reperfusdo, como ativaglo de proteases, fosfolipases e calcineurina (NAGAHIRO et al.,
1998), que desencadeiam uma série de reacdes levando a morte celular (LIPTON, 1999).
Tem-se demonstrado que o aumento de Ca** intramitocondrial tem um importante papel na
morte neuronal em modelos de isquemia e reperfusio (CASTILHO et al, 1998, 1999;
FISKUM et al,, 1999) por desencadear a producdio de espécies reativas de oxigénio (EROs)
pela cadeia respiratéria mitocondrial ou outros sistemas produtores de EROs (COYLE e
PUTTFARCKEN, 1993; DAWSON et al., 1993; CASTILHO et al., 1999), promovendo
danos ao citoesqueleto e 4 membrana plasmatica (DUGAN e CHOI, 1999). Esta cascata de
eventos que antecedem a morte neuronal, denominamos excitotoxicidade. A Figura 2

resume os efeitos de um evento isquémico relacionados & homeostase idnica intracelular.

1.3.3-Acido Quinolinice

O é4cido quinolinico (4cido piridina-2,3-dicarboxilico) (AQ) ¢ um metabolito
participante da rota de biossintese de nicotinamida adenina dinucleotideo (NADY)
(NISHIZUKA e HAYAISHI, 1963; GHOLSON et al, 1964). Apesar da importancia na
biossintese de NAD oxidado, o AQ ¢ encontrado em baixas concentracdes no cérebro e,

utilizado como modelo de excitotoxicidade em lesSes estriatais (BEAL et al, 1986).
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Efeitos excitotoxicos do AQ parecem estar relacionados & ativagfio de
receptores NMDA (agonista glutamatérgico), causando um macico influxo de Ca”" nos
neurdnios, desencadeando mecanismos neurotdxicos, nchindo produgio de EROs
(LAFON-CAZAL et al, 1993). A participacdo de receptores NMDA na neurotoxicidade do
AQ ¢é constatada pelo fato do MK-801, um antagonista seletivo de receptores NMDA,
reverter o efeito de AQ (BEAL et al.,, 1988; QIN et al, 1996). A infusfio mtraestriatal de
AQ tem sido utilizada como um modelo experimental para o estudo de doengas

neurodegenerativas, como a doenca de Huntington (BEAL et al, 1986).

; IP: Ca?*
Trocador Ka*/Cat*

ia.mmm e ;—-—* MNat, (Ca) SERC & Tt
ﬁé_;@_, N, (G2 aTP
FMCA ca?
ADP +Pi
£Ca™] = 1,3mM [Ca*l < 8,1 p
extracehilar citpgélica Ca

e

FIGURA 2-Mecanismos relacionados & homeostase i6nica intracelular numa célula
neuronal. O aumento da concentracdo de glutamato no meio extracelular
resulta na ativagiio de receptores metabotropicos (mGluR) que ird levar a
mobilizagdo de Ca** do reticulo endoplasmético (RE) via inositol tri-fosfato
(IP3). Ao mesmo tempo, a ativagiio de receptores ionotrdpicos de glutamato
(AMPA e Kainato) promove o influxo de Na' para o citoplasma, enquanto a
ativagio do receptor ionotrépico NMDA promove o influxo de Ca>" e Na™. A
ativacio do canmal de Ca® voltagem-dependente (VDCC) também pode
contribuir para o actmulo de Ca®* no citosol. A homeostase da concentracio
de Ca’ no citosol sera mantida por meio da extrusfio deste cation para o meio
extracelular realizada por um trocador Ca®/Na’ e uma Ca®*-ATPase da
membrana plasmética (PMCA). Dentro da célula, o Ca®* em excesso podera
ser acumulado pelo RE por meio da Ca®'-ATPase e pela mitocéndria.

Irtroducdoc
43



1.4-HOMEOSTASE INTRACELULAR DE Ca?

O ion célcio ¢ um importante mensageiro secundario em virias células,
incluindo neurdnios. O Ca** transmite sinais extracelulares, que regulam o metabolismo
mitocondrial, a sintese protéica, a fosforilagio e a expressio génica (CARAFOLIL, 1987;
CLAPHAM, 1995). Nos neurdnios a concentracio de Ca’ livre no citosol ¢ de
aproximadamente 0,1 uM, mantida cerca de 10.000 vezes abaixc da concentragio
extracelular (aproximadamente 1,3 mM) (CARAFOLI, 1987, CLAPHAM, 1995). Este alto
gradiente eletroquimico de Ca®* entre os compartimentos intra e extracelulares é essencial
para a sua fungdo como carregador de sinais bioquimicos para o interior das células. A
distribuigio do Ca®* intracelular é controlada por processos de transporte do ion ao longo
da membrana plasmética ¢ das membranas de organelas subcelulares, como o reticulo
endoplasmatico, micleo e mitocdndria (GUNTER e GUNTER, 1994; ORRENIUS et al,
2003).

No reticulo endoplasmatico a entrada de Ca’* ¢ catalisada pela Ca>*-ATPase,
denominada SERCA, que transloca 2 Ca®* para cada ATP hidrolisado (DE MEIS e
VIANNA, 1979). O efluxo de Ca®* se d4 por um canal estimulado por inositol trifosfato
(IPs) (BERRIDGE, 1993) e cafeina (através do receptor de rianodina) (SORRENTINO e
VOLPE, 1993). A alta afinidade da Ca*"-ATPase com o cation confere ao reticulo um

importante papel na regulagio da concentracfio de Ca®* livre no citosol.

O influxo de Ca®" mitocondrial ocorre por um processo eletroforético, em
resposta ao potencial elétrico gerado pela membrana interna (negativo internamente),
devido a atividade da cadeia respiratéria ou hidrolise de ATP (GUNTER ¢ GUNTER,
1994).

Na mitocOndria, existem dois mecanismos de efluxo de ions Ca®": Na’
dependente, ocorre por intermédio do antiporter Na'/Ca®* (troca Ca”™ por Na*); e, Na*
independente, ocorre por intermédio do antiporter H'/Ca® (troca Ca®* por H'). A principal
fingdo do Ca®* na matriz mitocondrial ¢, provavelmente, o estimulo da atividade de

enzimas regulatérias do Ciclo do Acido Citrico (desidrogenases cetoglutérica e isocitrica).
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Estudos de TYMIANSKI et al., 1993 evidenciaram que o influxo de Ca* por
meio de canais dependentes de voltagem nfio apresenta toxicidade aos neurdnios, porém o

influxo de Ca®" através de receptores NMDA resulta em morte neuronal.

1.5-CADEIA RESPIRATORIA MITOCONDRIAL E PRODUCAO DE ESPECIES
REATIVAS DE OXIGENIO (EROs)

A mitocOndria € responsivel pela sintese de ATP, através da fosforilagio
oxidativa (HATEFI, 1995), além de estar envolvida na captacdo e liberagdo de Ca’", na
geraclo de espécies reativas de oxigénio ¢ na permeabilidade mitocondrial transitoria
(PMT) (KOWALTOWSKI et al.,, 2001). |

A energia necessdria para o processo de fosforilagdo provém do potencial
eletroquimico de protons gerado pela cadeia de transporte de elétrons que reduz o O, 4
H,0. Este consumo O, pelas mitocdndrias € conhecido como respiracfio mitocondrial
(Figura 3). Os elétrons provenientes das coenzimas NADH e FADH,; reduzidas durante a
oxidagdo de carboidratos, aminoacidos e acidos graxos, sic transferidos 2 NADH
desidrogenase (Complexo I) ou para succinato desidrogenase ligada 2 FAD (Complexo ID).
A partir dos complexos I e II, os elétrons sfio transferidos para a ubiquinona (UQ),
citocromo ¢ (Complexo III) e finalmente para o O, (Complexo IV) com formacio de H,0O
(LEHNINGER, 1997; VOET, 2002).
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NapH B O, + 4H — 2H,0

FIGURA  3-Cadeia  Respiratoria  Mitocondrial ¢  Produgde de  EROs
(Fonte: KOWALTOWSKI e VERCES], 2001).

Apesar de o funcionamento da cadeia de transporte elétrons mitocondrial ter um
importante papel na sintese de ATP, por meio do potencial eletroquimico de prétons
gerado, a cadeia respiratéria mitocondrial produz constantemente EROs (Figura 3). O
radical superdxido (Op7) é gerado principalmente pela NADH desidrogenase (Complexo I)
e pela coenzima Q/complexo IIf (BOVERIS e CHANCE, 1973; TURRENS ¢ BOVERIS,
1980). A geragio de Oy7, ao nivel do complexo I, pode ser promovida pela presenca de
substratos respiratdrios que geram NADH, como o malato, glutamato e piruvato
(TURRENS ¢ BOVERIS, 1980), e estimulada por rotenona, um inibidor da transferéncia de
elétrons do complexe 1. A coenzima Q também estimula sensivelmente a geragfio de Oy”
pela NADH desidrogenase (TURRENS, 1997), provavelmente durante a doago de elétrons
do 4nion semiquinona, que ¢ um radical livre para o oxigénio molecular. O vazamento de
elétrons, ao nivel da coenzima Q/complexo I, é estimulado por succinate, cianeto e
antimicina A (BOVERIS et al,, 1976, TURRENS, 1997, KOWALTOWSKI et al,, 1998). A
antimicina A tem um efeito estimulatério, pois promove ¢ actmulo de radicais
semiguinona, formados na face citos6lica da membrana mitocondrial interna. Mixotiazol,
um inibidor da formago de radicais semiquinona, na face citosélica da membrana interna

mitocondrial, previne a geraco de radical O, ao nivel do complexo III (TURRENS, 1997
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KOWALTOWSKI et al,, 1998). Em condigdes normais, o O, € transformado em peréxido
de hidrogénio (H;0,) na matriz mitocondrial pela agio da superéxido dismutase
dependente de manganés (MnSOD). O H,0, € reduzido a H,O pela glutationa reduzida
(GSH), a qual € mantida neste estado pelo NADPH. Assim, a célula possui um sistema
antioxidante eficiente composto por GSH, SOD, NADPH, glutationa peroxidase (GPx) e
glutationa redutase (GRd), além de vitaminas C e E (KOWALTOWSKI e VERCESI, 1999;
GUTTERIDGE e HALLIWELL, 2000).

0 Ca™ parece ser o principal agente estimulador da geracfio de EROs
(KOWALTOWSKI e VERCESI, 1999). O Ca** intramitocondrial liga-se a cardiolipinas,
que possuem cabega polar eletronegativa, na face interna da membrana mitocondrial interna
causando alteragGes ultra-estruturais da cadeia respiratéria mitocondrial, que facilita a
produgdo de O,” e, conseqiientemente, de H,O, (GRIJALBA et al,, 1999). As cardiolipinas
possuem cabeca polar eletronegativa e estfio presentes, em altas concentra¢hes, na
membrana mitocondrial interna. O H,O, pode ligar-se ao Fe®" na matriz mitocondrial,
estimulando a reacfio de Fenton € a produgSio do radical hidroxil que ataca tidis de
proteinas, lipideos e DNA mitocondrial (CASTILHO et al., 1995; VERCESI et al., 19973,

As EROs t€m sido sugeridas em muitos processos degenerativos, incluindo
envelhecimento celular ¢ morte celular por apoptose e necrose (GREEN e REED, 1998;
KOWALTOWSKI e VERCESI, 1999; ORRENIUS et al., 2003).

1.6-PERMEABILIDADE MITOCONDRIAL TRANSITORIA (PMT)

A PMT € uma permeabilizagio progressiva, nfo especifica da membrana
mitocondrial interna, tornando-se gradativamente permedvel a protons, fons, suporte
osmético e pequenas protefnas. Esta permeabilizagio resulta na perda do potencial de
membrana (PM), liberagdio do Ca®* acumulado e inchamento mitocondrial.

A PMT € dependente da presenca de Ca>* no espago Intramitocondrial e pode
ser revertida pela adicfio de quelantes de Ca®" como EGTA, ou redutores diticlicos logo
ap0s a permeabilizagio (HUNTER e HAWORTH, 1979; ZORATTI e SZABO, 1995;
CASTILHO et al, 1996). A PMT induzida por Ca’* também pode ser aumentada pela

presenca concomitante de oxidantes de nucleotideos de piridina mitocondriais, devido a
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deplecdo do poder redutor mitocondrial e conseqliente estresse oxidativo, provavelmente
devido & oxidac@io de grupamentos tidlicos da membrana mitocondrial interna, promovida
por EROs (Figura 4) (LEHNINGER et al, 1978; CASTILHO et al, 1995;
KOWALTOWSKI e VERCESI, 1999, KOWALTOWSKI et al., 2001).

Em 1988, CROMPTON et al. descobriram que a PMT podia ser inibida por
ciclosporina A (CsA), um imunosupressor, provavelmente devido a ligagio da CsA a
ciclofilinas da membrana mitocondrial interna, independente de inibicio de calcineurinas.
Devido a esta regulacfio pela ciclosporina A, a PMT foi atribuida 4 abertura de um poro na
membrana mitocondrial interna, denominado poro de PMT (CONNERN e HALESTRAP,
1994; NICOLLI et al., 1996; KOWALTOWSKI et al.,, 2001). Acredita-se que o poro de
PMT seja um complexo formado pelo translocador de adenina (ANT), um canal de 4nions
voltage-dependente (VDAC) e a ciclofilina D. O ANT estd localizado na membrana
mitocondrial interna, enquanto o VDAC est4 localizado na membrana mitocondrial externa;
estas proteinas atuariam em conjunto para a formagio do poro de PMT.

A PMT ¢ um fator desencadeante da morte celular necrética (GRIFFITHS e
HALESTRAP, 1995) apoptética. A liberagdo de proteinas pré-apoptoticas para o
citoplasma (Figura 4), devido ao inchamento da mitocdndria, com ruptura da membrana
externa durante a PMT (GREEN e REED, 1998), evidenciando a importancia da disfuncfio
mitocondrial na fisiopatologia celular.
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FIGURA 4-Mecanismo proposto para explicar a formagio do poro de PMT induzido por
Ca®* e estresse oxidativo (adaptado de KOWALTOWSKI et al, 2001).
AbreviagBes: GPx: glutationa peroxidase; GR: glutationa redutase; GSH:
glutationa reduzida; GSSG: glutationa oxidada; MnSOD: superdxido
dismutase dependente de Mn™*; PPMT: poro de permeabilidade mitocondrial
transitoria; Resp.: respiratoria; TH: NADP transidrogenase; TPx: tioredoxina
peroxidase; TSH: tioredoxina reduzida; TSST: tioredoxina oxidada; TR:

tioredoxina redutase.

1.7-MECANISMOS DE MORTE CELULAR

Classicamente, a morte celular tem sido dividida em dois tipos, apoptose e
necrose. A morte celular por apoptose ocorre de modo regulado, resultando em

condensaciio da cromatina, fragmentacfio nuclear e formagdo de “corpos apoptéticos”, que
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sfio pequenas vesiculas fagocitadas por células jovens (KERR et al., 1972; WYLLIE et al,
1980; MATTSON, 2000; MATTSON et al, 2000). O processo apoptético ¢ dependente de
energia e recentemente mostrou-se que envolve organelas internas, como mitocdndria e
reticulo endoplasmitico. Ao contrario da apoptose, a morte celular necrética ocorre de
modo passivo (nfio requer ATP). A necrose € caracterizada por perda da homeostase iGnica,
podendo haver aumento de volume celular e até extravasamento de material citosolico,
deplecdo de energia, perda da sintese protéica e ruptura da membrana plasmatica (KERR
et al., 1972; WYLLIE et al, 1980; MATTSSON, 2000).

A diferenga entre apoptose e necrose foi descoberta por intermédio de células
cancerigenas (KERR et al., 1972; WYLLIE et al.,, 1980) e, posteriormente, esta distingio
foi validada para células neuronais (PETTMANN e HENDERSON, 1998). Ambas,
apoptose e necrose, ocorrem nas injurias neuronais e podem ser ativadas num mesmo
neurdnio (NICOTERA e LIPTON, 1999; LEIST e JAATTELA, 2001). Recentemente,
outra forma de morte celular foi caracterizada; ativa e regulatéria, ¢ chamada de morte
celular programada autofagica. O autofagossoma ¢ um vacutolo, originado no reticulo
endoplasmatico, que pode fundir-se com lisossomos, endossomos ou complexo de Golgi e
formar um vacuolo chamado autolisossomo (DUNN, 1994; KLIONSKY ¢ EMR, 2000;
OHSUMI, 2001). Esta estrutura pode degradar partes do citoplasma e organelas, eventos
que geralmente precedem a degradagio nuclear na morte autofigica (BURSCH et al.,
2000). A morte celular autofagica tem sido observada em desordens neurodegenerativas,
como Alzheimer, Parkinson e Huntington, além de isquemia cerebral (CATALDO et al,
1995; ANGLADE et al., 1997; LIPTON, 1999; KEGEL, et al., 2000).

1.7.1-Caspases e proteinas Bel-2

A apoptose ¢ coordenada por um conjunto de proteases conhecidas como
caspases (THORNBERRY e LAZEBNIK, 1998, ZIMMERMANN et al, 2001). Estas
proteases sdo sintetizadas como precursores inativos e quando ativadas clivam substratos
intracelulares ativando outras caspases, resultando em uma cascata de caspases que levam &
morte celular (THORNBERRY e LAZEBNIK, 1998; WOLF e GREEN, 1999). As

caspases envolvidas na apoptose podem ser divididas nas caspases que iniciam a cascata,
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caspases-8 e -9, ¢ em caspases que executam a destruicio das células, incluindo as
caspases-3, -6 e -7 (THORNBERRY ¢ LAZEBNIK, 1998). Virias proteinas podem regular
a ativagdo de caspases, sendo que um nimero grande destas proteinas tem localizacio ou
mteracdo mitocondrial (RAVAGNAN et al., 2002). A iniciagio da cascata de caspases
pode ocorrer por duas vias principais. Na primeira, por meio de uma via dependente de
fatores mitocondriais (via intrinseca), proteinas da familia do Bel-2 como Bax, Bad, Bak ¢
Bid sdo mobilizadas ou ativadas e promovem a formagfo de poros na membrana
mitocondrial externa. Por estes poros hi a liberagdio de fatores pro-apoptéticos do espaco
intermembranas mitocondrial para o citosol, como o citocromo ¢ e o Fator Indutor de
Apoptose (AIF). Na segunda via, a morte celular por apoptose ¢ iniciada pela ativagio de
receptores de morte celular presentes na membrana plasmdtica (via extrinseca). Estes
receptores incluem o receptor de fator de necrose tumoral, o receptor CD95 (Fas, Apo 1),
dentre outros. A ativagdo destes receptores ird resultar intracelularmente na ativacio da
caspase-8, a qual ativard a caspase-3. Pode haver interconexdes entre estas duas vias; por
exemplo, a caspase-8 pode levar & ativagiio da proteina Bid, que por sua vez ird promover a
formacic de poros na membrana mitocondrial externa, juntamente com protefnas Bak ou
Bax (GREEN e REED, 1998; LEIST e JAATTELA, 2001). No citosol, o citocromo ¢ se
liga a2 Apaf-1 (“apoptosis activating factor 17) e & ATP, que se liga & pro-caspase 9,
formando o apoptossomo. Este complexo causa uma dimerizacdo e ativagio da caspase 9,
que por sua vez ird ativar a caspase-3 (LIU et al, 1996; RAVAGNAN et al., 2002). As
mitocdndrias também contém a proteina Smac/DIABLO, que inativa um grupo de proteinas
citosOlicas responsaveis pela inibicBo de caspases, provavelmente relacionadas a via
intrinseca (DU et al., 2000; RAVAGNAN et al., 2002).

A proteina Bcl-2 foi a primeira proteina a ser identificada (TSUJIMOTO et al.,
1985}, de uma familia de protefnas que regulam a viabilidade celular (VAUX et al., 1988).
Algumas destas proteinas promovem a morte celular, como: Bax, Bad, B¢l-X, e Bid, porém
outras proteinas promovem a sobrevivéncia celular, como Bel-2 e Bel-X; (ADAMS e
CORY, 1998; KROEMER et al., 1998).

A proteina Bcel-2 estd envolvida em vérias vias regulatorias que determinam a
sobrevivéncia celular. Por exemplo, a hiperexpressic de Bcl-2 preserva o potencial de

membrana € respiraciio mitocondrial em mitocdndrias expostas a altas concentracdes de

fntroducio
51



Ca** (MURPHY et al, 1996). O mecanismo pelo qual a protefna Bel-2 protege a integridade
da membrana mitocondrial interna ainda ¢ controverso (KOWALTOWSKI et al., 2002).
Possivelmente, Bel-2 exerga um efeito direto pa estrutura da membrana interna (de JONG
et al, 1994} ou indiretamente, tendo um efeito anti-oxidante (BOGDANOV et al., 1999;
KOWALTOWSKI et al., 2000) ou modificando o fluxo de moléculas e pequenas proteinas
que atravessam as membranas (ANTONSSON et al., 1997; SCHENDEL et al, 1997). A
Bel-2 inibe sobretudo a via apoptotica intrinseca, dependente da liberagiio de fatores
pré-apoptéticos mitocondriais (GREEN e REED, 1998). Em adigfio, Bel-2 é um importante
inibidor da PMT (MURPHY et al., 1996). A importincia da familia de proteinas Bel-2 no
sistema nervoso central foi evidenciada a partir de estudos em que neurdnios de
camundongos transgénicos que hiperexpressam a proteina Bcl-2 possuem protecdo parcial
contra injurias decorrentes de isquemia focal (MARTINOU et al, 1994) ou global
(KITAGAWA et al,, 1998).
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Anualmente, milhdes de pessoas morrem ou passam a sofrer déficit neurolégico
devido a lesGes cercbrais decorrentes de processos isquémicos. Algumas doencas
hereditdrias autossOmicas recessivas, conbecidas come acidemias orglmicas ¢
caracterizadas por disturbio no metabolismo de aminoécidos, glicidios ou lipideos, causam
actmulo tecidual de um ou mais dcidos carboxilicos. Tais acidemias acometem um ndmero
menor de individuos, que também apresentam lesdes no SNC semelhantes as lesGes devidas
a excitotoxicidade de processos isquémicos. Ainda nfio se estabeleceu nenhum tratamento
altamente eficaz nestas patologias. Nesta tese, objetivamos compreender a etiologia destas
doencas, estudando o metabolismo energético mitocondrial in vitro e in vive em modelos
experimentais associados a mudancas no metabolismo energético, tais como: modelos de

isquemia cerebral e acidemia metilmaldnica.
Especificamente, objetivou-se:

- Caracterizar o efeito de Ca** e Na' na fun¢@io mitocondrial durante o estresse
oxidativo e permeabilidade mitocondrial transitéria em modelos in vitro
(mitocOndrias isoladas, células PC12 e fatias estriatais) ¢ in vivo
(les@io estriatal por infus@io intracerebral de 4cido quinolinico). Através destes
modelos, pretendemos contribuir para a elucidacio do processo de morte
celular na isquemia cerebral (estudos in vitro e in vivo) e acidemias orgénicas

(estudos in vitro).
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Oxidative stress in Ca”*-induced membrane permeability

transition in brain mitochondria

Evelise N. Maciel, Anibal E. Vercesi and Roger F. Castilho

Departamento de Patolpgia Clinica, Faculdade de Ciéncias Médicas, Universidade Estaduc! de Campinas, Campinas, Brazil

Abstract

Mitochondrial permeability transition (PT) is a non-selective
inner membrane permeabiBzation, typically promoted by the
accumulation of excessive guantities of Ca®" ions in the
mitochondrial matrix. This phenomenon may contribute to
neuronal cell death under some circumstances, such as
following brain trauma and hypoglycemia. In this report, we
show that Ca?~-induced brain mitochondrial PT was stimulated
by Na* (10 mw) and {otally prevenied by the combination of
ADP and cyclespotin A Removal of Ca®* from the mitochon-
drial suspension by EGTA or inhiition of Ca®" uptake by
ruthenium red partially revered the dissipation of the membrane
potential associated with PT. Ca®"-induced brain mitochondrial
PT was significantly inhibited by the antioxidant catalase,
indicating the participation of reactive oxygen species in this
process. An increased detection of reactive oxygen species,
measured through dichiorodihydrofluorescein oxidation, was

observed after mitochondrial Ca®™ uptake. Ca®*-induced
dichiorodihydrofluorescein oxidation was enhanced by Na™
and prevented by ADP and cyclosporin A, indicating that PT
egnhances mitochondrial oxidative stress. This could be at
least in part a consequence of the extensive depletion in
NAD{P)H that accompanied this Ca®*-induced mitochondrial
PT. NADPH is known to maintain the antioxidant function of
the glutathione reductase/peroxidase and thioredoxin reduc-
tase/peroxidase systerns. in addition, the occurrence of mito-
chondrial PT was associated with membrane lipid peroxidation.
We condlude that PT further increases Ca®*-induced oxidative
stress in brain mitochondria ieading to secondary damage such
as lipid peroxidation.

Kevwords: btrain miochondria, calcium, cyclosporin A,
excitotoxicity, free radicals, mitochondrial permeability
transiion,

J. Neurochern. (2001) 79, 12371245,

The maintenance of intracellular Ca®® homeostasis is
crucial for newron survival, and its disruption may be
involved in several central nervous system disorders
including ischemic and hypoglycemnic neuronal death and
neurodegeneration in Huntington's disease (for a review see
Choi 1995; Fiskum e al. 1999). During cyiosolic Ca*™
overload, the mitochondrion is the main organelle respon-
sible for calcium sequestration. Increased Ca°" concentra-
tions in the mitochondrial matrix may induce a phenomenon
called mitochondrial permeability transition (PT), character-
ized by a cyclosporin A-sensitive non-selective permeabil-
ization of the mner mitochondrial membrane (for a review
see Gunter and Pfeiffer 1990; Zorati and Szabd 19695:
Smaili ef al. 2000; Kowaltowski e al. 2001). Mitochondrial
PT results in respiration uncoupled from ATP synthesis,
organclic swelling, disruption of the outer membrane and
release of different apoptogenic factors imto the cvtosol
{(Zorarti and Szabd 1995; Green and Reed 1998; Kroemer
et al. 1998). These factors include cytochrome ¢, apoptosis
inducing factor (AlF) and pro-caspases, which promote the

© 2001 Interpational Society for Neurochemistry, Journal of Newrochemistry, 19, 12371245

execution of apoptosis. A PT-independent mechanism may
be also responsible for release of the apoptogenic factor
cytochrome ¢ after brain mitochondrial Ca®™ accumulation
{Andreyev and Fiskwm 1999; Schild er al. 2001). Recent
publications have indicated the participation of mitochon-
drial PT in neuronal death following hypoglvcemia (Friberg
et ol. 1998), brain ischemia (Uchino ef al. 1998; Matsumoto
el al. 1999) and trasma {Okonkwo and Povlishock 1999;
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Abbreviations used: AXF, apoptosis inducing factor; DCF, dichioro-
fluorescein; FOUP, carbonyl cyanide-p-triffucromethoxyphenyl hvdra-
zone; Hp-DCFDA, dichiorodihydrofivorescein diacetate; L-NAME,
Nu-nitro-k-arginine methyl ester; PT, permeability wansition; ROS,
reactive oxygen species; TBARS, thiobarbituric acid reactive suyb-
stances; AW, mitochondrial transmembrane electrical potential.
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Sullivan er al. 2000). However, the participation of
mitochondrial PT in excitotoxicity, i.e. glutamate receptor-
mediated peuronal cell death, remains controversial
(Nieminen e al. 1996 Castilho et al. 1998; Vergun et al,
1999, Brustoveisky and Dubinsky 2000b).

Recent work from our group using isolated rat liver
mitochondria has demonstrated an important role for
reactive oxygen species (ROS) in Ca*” -induced PT (for a
review see Kowaltowski er al. 2001). Catalase, ebselen or
thioredoxin peroxidase prevent the disraption of Hver
mitochondrial membrane potential and swelling caused by
Ca®" alone or in the presence of inducers such as r-butyl
hydroperoxide, inorganic phosphate and fatty acids (Valle
et al. 1993; Castilho er al. 1995; Kowaltowski et af, 1996,
1998, Catisti and Vercesi 1999). In addition, no PT occurs in
liver mitochondria in the absence of molecular .. Tt is
proposed that Ca** jons are involved in the mechanism of
mitochondrial PT pore opening by: (i) binding to the
anionic head of membrane cardiolipins, stimulating the
production of superoxide anion radicals and, hence, HLO,,
by the respiratory chain (Valle et al. 1993; Castilhc e al.
1995; Grijalba er al. 1999); (i) stimulating the Fenton
reaction throngh matrix iron mobilization (Castilho ef al.
1995) and (iii} binding to membrane proteins that regulate
PT pore opening (Bemardi er al. 1992; Zoratti and Szabo
1995).

In this paper, we study the involvement of oxidative stress
in Ca”*-induced membrane PT in brain mitochondria. Our
results indicate that ROS are implicated in Ca”*-induced
brain mitochondrial PT. In addition, PT results in mitochon-
drial oxidative stress, represented by increased detection of
ROS and secondary mitochondrial oxidative damage.

Materials and methods

Isolation of rat brain mitechondria

Forebrain mitochondria were isolated as described by Brustovetsky
and Dubinsky (2000ab), with minor modifications. Wistar rats
were fasted overnight prior to killing by decapitation. The brains
were rapidiy removed (within 1 min} and put into ice-cold isolation
buffer 1 containing 225 mannitol, 75 mm sucrose, T mm K™ -BEGTA,
0.1% bovine serum albamin (BSA; free fatty acid) and 10 mm K°-
HEPES pH 7.2. The cerchellum and underlying structures were
removed and the rermaining material was used as the forebrain. The
tssue was minced using surgical scissors and then extensively
washed. The tissue was then homogenized in a power-driven, tight
fiting Potter-Eiveljem homogenizer with Teflon pestle. The
resolting suspension was ceatrifuged for 7 min at 2000 g in a
Beckman JA 20 rotor. After cemtrifugation the supernatant was
recentrifuged for 10 min at 12 000 g, The pellet was resuspended
in ‘isofation buffer " containing 225 mannitol, 75 mM sacrose,
1 mam K™-EGTA, and 10 mm K*-HEPES pH 7.2 and recentrifuged
at 12000 g for 10 min. The supernatanmt was decanted and the
finai pellet pently washed and resospended in “isolation buffer I
devoid of EGTA, at an approximate protein concentration of

30-40 mg/ml.. The respiratory control ratio (state 3fstate 4
respiratory rates) was over 3.0, measured using succinate and
glutarnate as substrates.

Freparation of dichlorodihydrofiuorescein (HyDCF)-oaded
forebrain mitechondria

Rat forebrain reitochondria were obtained as described above,
except that the pellet obtained after the second centrifugation was
resuspended to a protein concentration of 10 mg/ml. in ‘isolation
buffer II' comtaining 10 pM dichlorodihydrofivorescein diacetale
{H-DCFDA). The mitochondsial suspension was incubated at 30°C
for 15 min and then recentrifuged at 12 000 g for 1) min. The
supernatant was decanted and the pellet gently washed and dileted
in isolation buffer 1 devoid of EGTA, at an approximate protein
concentration of 20-30 mgfmi..

Standard incobation procedore

The experiments were carried out at 28°C, with continuous
magnetic stirrng, in a standard reaction medium containing
100 mM  sucrese, 65mM KCL 10mM K'-HEPES buffer
(PH 7.2), 20 um BGTA, 1mM P, 5 mm ghitamate and 5 mm
succinate. Other additions are indicated in the figure legends. We
used 20 uM EGTA to buffer contaminating free Ca°% (810 yun
present in the reaction medium. Under our conditions, when 80 pm
Ca** was added to the experiments, the free Ca®* concentration
in the medium was about 70 pM, as calculated according to
Fabiato and Fabiato (1979). The results shown are tepresentative
of a series of at least four experimems, using different
mitochondrial preparations. The results were reproduced within
15% of variation.

Measarements of mitochondrial transmembrane electrical
potential (A9

Mitochondrial A¥ was estimated through fluorescence changes of
safranin O {5 um) that were recorded on 2 model F-4010 Hitachi
specrrofluorometer  (Hitachi Lid, Tokyo, Japan) operating at
excitation and emission wavelengths of 495 and 586 om,
respectively, with slit widths of 3 nm (Akerman and Wikstrém
1976).

Determination of Ca°* movements

Variations in the concentration of free extramitochondrial Ca®*
were followed by measoring changes in the absorbance spectram of
arsenzzo HY (40 ua), using an SLM Aminco DW2008 spectro-
photorneter (SILM Instrumemts Inc., Urbana, IL, USA) set at ihe
wavelength pair 665-685 nm (Scarpa 1979). The addition of
mitochondria to reaction medium containing arsenazo U resujted
in 2 rapid increase in absorbance (Figs IC, 2B and 4C). This
increase was observed even in the presence of a high EGTA
concentration (500 pM; results not shown), indicating that was a
phenomenon probably related to changes in medium turbidity and
not due to the presence of contaminant Ca®* in the miwchondrial
suspension.

Organelles in intact cefls show a very slow accumulation of
safranine (20--30 min; Akerman and Jarvisale 1980; Vercesi ef al.
1991}, and those within synaptosomes do not wmke up Cz®*
promptly under our experimental conditions. Thus, there would be
no significant interference with the safranine and arsenazo
measurernents unless the synaptosomes were permeabilized,

€ 2001 Imernational Society for Neurochemistry, Journal of Neurpchemistry, 79, 12371245
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Estimation of reactive oxygen species prodoction
Mitochondrial generation of reactive oxygen species {HaOy) was
derermined  spectrofluorometrically, wusing the membrane-
permeable fluorescent dye Hp-DUFDA (1 pm; LeBel et of, 1992;
Garcia-Ruiz et al. 1997} Fluorescence was determiped at 488 nm
for excittion and 525 mm for emission, with slit widths of 3 nm.
Calibration was performed by adding known concentrations of
dichlorofiuorescein (DCF), the product of H,-DCF oxidation.

Petermination of NADD) redox state

The oxidation or redaction of pyridine nucleotides in the
mitochondrial suspension was followed using a Fitachi F-4010
spectrofluorometer operating at excitation and emission wave-
lengths of 366 and 450 nm, respectively, with slit widths of 5 am.
Diamide (I mm) was added at the end of each experiment to fully
oxidize the pyridine nucleotides which remained in the reduced
state,

Determination of thiebarbitaric acid-reactive reactive
sobstances (TBARS)

TBARS production by mitochondria was measured according to
Buege and Aust (1978). Briefly, 0.4 mL saroples were taken after
15 min incubation at 30°C in standard reaction mediom and mixed
with 6.4 ml. of 1% thicbarbituric acid in 50 mm NaOH, 0.2 mL de
208 of HLPO, and 40 pl of 10 N NaOH. The mixnure was heated
at 90°C for 20 min in the presence of 1 mMm butylated hydroxy-
toluene. After cooling, 1.5 mb of butanol was added to the
solution. The mixture was shaken and centrifuged at 2000 r.p.m.
dwing 3 min. The optical density of the organic layer was
determined at 3335 nm. Under these conditions, the molar extinction
coefficient used to calculate TBARS concentrations is 1.56 x 10°
MTem! (Buege and Aust 1978).

Chemicals

Most chemicals, including ADP, arsenazo I, catalase (10 000
units/mg), cyclosporin A, diamide, dithiothreitol, ebseten, EGTA,
FCCP, glomamic acid, HEPES, safenine O, soccinic acid,

Fig. 1 Ca® -induced mitochondrial transmembrane efectrical poters
tial {A¥) dissipation and Ca®" release: effect of mitochondrial PT
inhibitors. Isolated rat forebrain mitochondria (BM) (0.5 ma/mL) were
incubated at 28°C in standard reaction medium containing 5 pm
safranin O o estimate A¥ {panels A and B) or 40 pwm arsenazo it o
measure extramilochondrial free C2®* concentrations (pane! C).in
panel A, BM were added to reaction medium containing 200 uwm
ADP, 1 pg/mi oligomyein and 1 pu cyclosporin A fline a), 200 um
ADP and 1 wgfml ofigomycin {Ene b), 1 ww cyclosporin A {line ¢y or
ne other addiions (line ). Ca®* (80 ww, fines a—d) and 1 ym FGCP
fline d} were added where indicated by the arrows. In panel B, BM
were added to Teaction medium and 8¢ um Ca®” (lines b and g},
1 mm EGTA (iine b), 1w ruthenium red BR; line ¢), 200 v ADP
{lines a—c} and f pw FOCP were added where indicated by the
arows. In pane! C, BM were added 10 rescion medium containing
200 g ADP, 1 ug/mi oligomycin and 1 ps cyclosporin A {line b} or
no other addiions (line a). Ca®" (80 pw, fnes a and b} and RRA
(% pm, lines 2 and b) were added where indicated by the arrows.
The dotted line represents standard addiions of Ca®* (10 uw) to the
reaction medium in the absence of BM,

Permeability transition in brain mitochondria 1239

nithenium red and thiobarbituric acid, were obtained from Sigma
Chemical Company (St Louis, MO, USA)L HyDCFDA was
purchased from Molecular Probes (Eugene. OR, USA)L AN other
reagents were commercial products of the highest purity grade
avaiiable,

Results

Ir: the present work, PT in isolated brain mitochondria was
assessed by measuring the transmembrane electrical poten-
tial (A¥) and mitochondrial Ca*™* release (Brastoversky and
Dubinsky 2000z,b). The results in Fig. 1(A) show that the
classical PT inhibitors (Zoratti and Szabd 1995} cyclosporin
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Fig. 2 Inkbitory effect of exegenous catalase on Ca* -induced
mitochondriai A% dissipation and Ca®" release. BM {0.5 mg/mi)
were incubated at 28°C in standard reaction medium containing
5 um satranin O 10 estimate AY (panel A} or 40 pu arsenazo 1 to
measure extramitochondrial free Ca®™ concentrations (panel B). In
panel A, BM were added to reaction medium contiining 2 um cata-
lase {lines a and ¢} or no other additions (fnes b and d). Ca®*
(70 pw, fines & and b or 80 awm, lines ¢ and d) and 1 um FCCP were
added where indicated by the arrows. in panel B, BM were added to
reaction medium containiag 200 um ADP, 1 ug/mi ofigomycin and
1 pw cyciosporin & (ling a), 2 v catalase (line &) or no other addi-
tions {line ¢). Cat (80 um, lines a-¢) was added where indicated by
the amow. The dolted line represents standard acditions of Ca®™
{10 pm) to the reaction medium in the absence of BM.

A {line ¢} or ADP plus oligomycin (Hne b) only pardally
inhibit AW dissipation caused by Ca®" (line d). A complete
inhibition of Ca’*-induced AW dissipation was only
obtained when ADP, oligomycin and cyclosporin A were
present simultaneously (line a). Under this last condition,
only & transient decrease of AV, due 10 electrophoretic
mitochondrial Ca** uptake, was observed. These resalts are
in accordance with previous publications showing only
partial inhibition of brain mitochondrial PT by cyclosporin
A (Knistal and Dubinsky 1997; Brustovetsky and Dubinsky

>

]
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= Ca* EGTA d

S min
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Fig. 3 Ca”“-induced increased detection of mitochondrial genera-
tion of reactive oxygen species. In panel A, BM {0.5 mg/ml) were
added to standard reaction medium at 28°C containing 1 um
Hz-DCFDA in the presence of 200 pm ADP, 1 pa/ml oligomycn ang
1 un cyelosporin A {line d) or no other additions (lines a-c). Ca®*
(80 pm), EGTA {1 mm), GSH (200 pu) and ebselen (10 um) were
added where indicated by the aows {ines a-d). Line o represents a
control experiment without addition of Ca®". In panel B, Hx-DCF-
loaded BM (see Materials and methods) were added o reaction
medium at 28°C in the presence of 200 uw ADP, 1 ug/ml oligomy-
cin ard 1 pw cyclosperin A {Eine b) or no other additions (line a ang
¢). Ca®* (80 uw) was added where indicated by the arow (lines b
ang ¢}, Line a represents a ¢onirol experiment without the addition
of Ca®*.

2000a,b; Kristan er al. 2000). Figure 1(B) shows that
removal of Ca®" from the brain mitochondrial suspension
by EGTA (line b} or inhibition of mitochondrial Ca®*
uptake by rutheniom red (line ) partally reverts the Ca?™*-
induced AW dissipation. AY¥ reversibility by EGTA or
ruthenivm red was not complete and a furiher increase in
AW was obtained by the addition of ADP. In contrast, the
addition of ADP o a control experiment (line a) caused a
wansient decrease in AW related to ADP phospharylation. In
Fig. 1{C), measuring the release of intramitochendrial Ca®™
determined mitochondrial membrane permesbilization.
Ca”" addition is followed by a fast mitochondrial Ca®*
uptake, and subsequent release of mitechondrial Ca®” 1o the
reaction mediom (line ). Mitochondrial Ca®" release was
inhibited by cyclosporin A, ADP and oligomycin (line b),
indicating the pamicipation of PT in this process. Since
mitochondrial Cz°" release occurs simultanecusly with
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Ca*" uptake, blocking mitochondrial Ca®* uptake with
ruthenivin red resulted in a faster increase of extramilo-
chondrial Ca** in the absence of PT inhibitors (line a).

In Fig. 2, the effect of the antioxidant catalase was tested
on brain mitochondrial PY. The presence of catalase
significantly inhibited AW dissipation (Fig. 2A, lme a)
when 2 lower Ca®” concentration was added (70 parg line
b). However a smaller inhibition of AW dissipation was
obwained by catalase (ne ¢) when a higher Ca®*
concentration was added (50 pa; line d). The presence of
the nitric oxide irthibitor Ne-nitro-L-arginine methyl ester
(L-NAME; 3-5 mM) msulted in no inhibition of Ca®"-
induced AW dissipation (resuit not shown). The results
depicted in Fig. 2(B) show that catalase significantly
inhibited {tine b} Ca®"-induced mitochondrial Ca®” release
in the absence of PT inhibitors (Ene ¢).

In order to further investigate the participation of
oxidative stress in Ca™-induced brain mitochondrial PT,
we measured mitochondrial reactive oxygen species (ROS)
production (Fig. 3). H-DCFDA is oxidized mainly by H.O,
and peroxynitrite (Reynolds and Hastings 1995; LeBel et al.
1992; Jakubowski and Bartosz 2000) generating DCF,
which is highly fiuorescent. A fast increase in the rate of
DCF production was observed 3~4 min after the addition of
Ca™" (Fig. 3A, line a), indicating a higher detection of ROS
under this condiion. This increase in mitochondriai ROS
production was completely inhibited by the PT inhibitors
cyclosporin A, ADP and oligomycin (line d). It is important
to emphasize that under our experimental conditions, no
significant mitochondrial swelling, measured by changes in
absorbance at 520 nm, was observed in the presence of
Ca*" (results not shown), This excludes the possibility that
the increase in DCF fluorescence could be an experimentat
artefact related to a decrease in light scattering of the

Fig. & Effect of Na™ on Cof-inguced AW dissipation {panel A),
mitechondrial ROS generation (panel B) and mitochondrial Ca?*
release (paned T, In panel A, BM (0.5 mg/ml) were added to reac-
tion medium at 28°C confaining 5 um safranine O in the presence of
200 pv ADP, 1 pgimi. oligomycin and 1 ps cyclosporin A (lines a
and b) and 10 mm NaCl fines b and d). Ca®* {80 uw) and 1 pm
FCCP were added where indicated by the amows {lines a-d). In
panel B, BM (0.5 mg/mL} were added to feaction medium containing
1 un HeDCFDA at 28°C in the presence of 200 pm ADP, 1 wg/mb
oligomycin and 1 pm cytiosporin A {lines ¢ and d) and 10 mm NaC!
{line b, d and f). Ca®* {80 pu} was added where indicated by the
amows (lines c-f}. Lines a and b represent control experiments with-
out the addiion of Ca2*. In panet C, BM {0.5 mg/iml) were added to
reaction medium containing 40 pm arsenazo [ in the presence of
200 wm ADP, 1 pg/mb oligomycin and 1 pM cyclosporin A {lines a
and b) and 10 mm NaCi fines b and ¢ Ca™ (80 wm) and 1 um AR
were added where indicated by the arrows 1o the experiments repre-
semed by lings a-d. The dotted line represents standard agditions of
Ca®* (10 p} to the reaction medium in the absence of BM.
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mitochondrial suspension. The presence of synaptosomes in
our mitochondral suspension may mask absorbance
changes related o Cz* -induced PT (Brustovetsky and
Dubinsky 2000a,b). Ca®* removal by EGTA (line c) and the
antioxidants ebselen pins glutathione (line b) blocked Ca®*-
induced increase in mitochondrial ROS detection. Using
Hz-DCF-loaded mitochondria (Fig. 3B), we obtained similar
results to those observed when Hp-DCFDA was initiaily
present only in the extramitochondsial medivm {Fig. 3A).
These results suggest thar Ca’ -induced increase in
mitechondrial ROS production is not relaed to PI-
promated access of Hp-DCFDA to intramitochondrial ROS
production sites.

As, under some pathological conditions, increase in
cytoplasmic free Ca®” in nearons is accompanied by an
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Fig. 5§ Ca’*-induced brain mitochondriai PT and NAD(FMH owida-
tion. BM (0.5 mg/mi) were added to reaction medium at 28°C in the
presence of 80 um Ca®* and PT inhibitors (200 pm ADP, 1 ngimb
oligomycin and 1 um cyciosporin A), as indicated in the figure. At
Sman, 1mm EGTA, 100 um isocitrate, 4 pa rolenone and/or 5 mw
B-hydroxybutyrate were added to the experiments as indicated. At
18 min, the remaining reduced pyndine nucieotides were estimated
by the addition of the oxidant diamide (1 mwm). The data are pre-
sented as percent of control experiments in which BM were incu-
bated in the presence of 1 mm EGTA and diamide was added after
18 min. Values represent averages of 4 experiments {+ SD}, using
different mitochondrial preparations. * p < 0.01, post hoe Bonferro-
ni's lest compared with the experiment in which only Ca®* was
added.
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Fig. 8 Ca®"-induced brain mitochorcdrial PT and TBARS formation.
BM (1.0 mg/ml} were incubated at 30°C in standard reaction med-
iurs for 35 min in the presence of 160 px Ca?™ andfor PT inhibitors
(200 uu ADP, 1 pg/mi oligomycin and 1 pm cyclosporn A) as indi-
cated in the figure. in the experiments of this figure, as in others
{Figs ¥ and 3,4,5), 180 nmol Ca"*fmg protein was used, A larger
mitochondnial protein concentration was used in this experiment
{t mg/mL) fo increase the sensitivity of TBARS detection. Fe?*
{50 uw} pius 2 mwm cifrate were used to induce lipid peroxidation
independent of mitochondrial PT. Values represent averages of 4
experiments (£ SD), using different mitochondrial preparations. *
P < 0.0%, post hoo Bonferroni's test compared with control.

increase in Na” concentrations (e.g. excitotoxicity; Chei
1987), the effect of Na* on Ca’*-induced brain mitochon-
drial PT and ROS generation was studied {Fig. 4). We found
that Na™ stimuiates Ca®” -induced AW dissipation (panel A,
line d compared with line ¢}, mitochondrial ROS detection
{panel B, linc f compared with line &) and mitochondrial
Ca®* releass semsitive to PT inhibitors (panel C, line d
compared with line ¢). As expected, the presence of Na*
increased the release of intramitochondrial Ca>*, even in the
presence of PT inhibitors (line b), due to the activation of
the Na"/C#*" exchanger in brain mitochondria {Crompton
et al. 1978; Nicholls and Scott 1980). However, the rate of
mitochondrial Ca®* release observed in line d was faster
thar the mte of mitochondrial Ca®" release observed in
line ¢ (PT-mediated Ca®™ release in the absence of Na*)
plus fine b (Na™/Ca®" exchanger-mediated Ca?™ release).
These results suggest that Na™ increases PT-mediated
mitochondrial Ca** release.

in Fig. 5, we studied the effect of Ca®* and PT on
endogenous reduced pyridine nucleotides (NAD(PYH) in
brain mitochondria. Incubation of brain mitochondria in the
presence of Ca®*, during 15 min, resulted in approximately
40% loss of reduced pyridine nucleotides. Interestingly, the
PT inhibitors cyclosporin A, ADP and oligomycin com-
pletely prevented the Ca®" -induced loss of reduced pyridine
nucleatide. The addition of the Ca®>” chelator EGTA or the
NAD(P) reductants isocitrate and B-hydroxybutyrate at
3 min incubation partially prevents the effect of Ca®* on
reduced pyridine nucleotides.

Mitochondrial lipid oxidation was quantified in order to
study a possible correlation between PT-induced increased
detection of ROS and membrane damage (Fig. 6). Incuba-
tion of brain mitochondria in the presence of Ca®* increases
the basal comtent of TBARS 3-4 fold. in a process
completely prevented by the PT inhibitors cyclosporin A,
ADP and oligomycin. PT inhibitors did not inhibit
mitochondrial lipid oxidation induced by Fe(Il)-citrate
{Castilho ¢r af. 1994), indicating that these compounds do
not have direct antioxidant properties.

Discussion

The PT in rat liver and heart mitochondria can be mediated
by 2 concerted action between Ca’” and ROS leading to
oxidation of membrane protein thiols (Valle er al. 1993;
Castilho er al. 1995; Grijalba et al. 1999; Kowaltowski er al.
2001). We have previously shown that Ca°" stimulates
mitochondrial ROS production (Valle ef al. 1993; Castilho
et al. 1995; Grdjalba er al. 1999), which promotes the
oxidation and cross-linkage of mitochondrial membrane
protein thiol groups, leading to PT in liver and heart
mitochondria {Fagian er al. 1990; Valle er al. 1993; Castitho
et al. 1993; Kowaltowski ¢f al. 1996). In the present work,
the participation of oxidative stress in (2° -induced brain
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mitochondrial PT was evidenced by: {i) a significant
inhibition of both Ca*”-indoced AVY dissipation and
mitochondrial Ca®” release in the presence of catalase
(Fig. 2), (ii) an increased detection of ROS following PT
(Fig. 3) and (iii) depletion of endogenous reduced pyridine
nucleotides and oxidation of membrane lipids associated
with PT (Figs 5 and 6).

The measurements of H,-DCFDA oxidation detected an
oxidative stress situation that was totally inhibited by PT
pore inhibitors (Fig. 3). It is possible that Ca" stimulates
the generation of ROS at specific sites of the inmer
mitochondrial membrane, where they attack protein thicls
opening PT pore (Valle er al. 1993; Castitho er al. 1995;
Kowaltowski er af. 1996; Kowaltowski er af. 1998). These
ROS may not be detected before mitochondrial PT by
H,-DCFDA oxidation measurements due to their local
and instantaneous effect on membrane proteins (Stadtman
1990},

Our results showed an increase in mitochondrial genera-
tion of ROS following membrane depolarization, thus
indicating a condition of oxidative stress. This contrasts
with the expected decrease in ROS production after
membrane depolarizationt under control conditions (Boveris
and Chance 1973; Skulachev 1996), Mitochondrial mem-
brane depolarization increases the rate of electron transfer
in the respiratory chain, thereby decreasing the steady
state reduction of electron carriers and the oxygen tension,
This minimizes soperoxide formation at the level of
complexes 1 and [T (Boveris and Chance 1973; Skulachev
1996).

The PT-induced oxidative stress observed in the present
work may be the result of either a stimulation of
mitochondrial ROS production or a failure of mitochondrial
antioxidant systerms. Mitochondral PT may result in
structural alterations of the inner mitochondrial membrane
that affect respiratory chain function, including coenzyme Q
mobility (Noh! er al. 1996; Grijalba er al. 1999), and favor
monoelectronic oxygen reduction {superoxide radical gen-
eration) at inmtermediate steps of the respiratory chain. In
addition, PT-induced cviochrome ¢ release from the
nitochondrial intermembrane space results in stimulation
of mitochondrial generation of superoxide (Cai and Jones
1998). PT is also expected to impair the mitochondrial
antioxidant systems ghnathione reductase/peroxidase and
thioredoxin reductase/peroxidase that depend on NADPH w
reduce HpOs to water. Mitochondrial PI results in
dissipation of the transmembrane proton elecrochemical
egradient and, at low membrane potentials, the NADP
transhydrogenase cannot sustain high levels of mitochon-
drial reducing power (NADPH, reduced glutathione and
thioredoxin}, favering oxidative stress (Vercesi 1987; Hoek
and Rydstrom 1988). Moreover, the opening of mitochon-
driai PT pores results in loss of endogenous NAD(PYH and
glutathione to the extrarnitochondrial medium (Igbavboa
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et al. 1989). Indeed, our results showed a decrease, partially
due to oxidation, in the concentration of reduced pyridine
nucleotides following brain mitochonddal PT (Fig. 5).
Higher generation of ROS following mitochondrial mem-
brane depolarization in neurons exposed to excitotoxic
conditions has also been reporied (Temmeti et al. 1998
Luetiens et al 2000 A similar phenomenon was
recently described in intact cardiac myocytes exposed to
photoactivated tetramethylrhodamine derivatives (Zorov
et al. 2000). PT-induced brain mitochondrial oxidative
stress, with comsequent peroxidation of membrane lipids
(Fig. 6), may resnlt in the impairment of mitochondrial
oxidative phosphorylation and i imeversible inner
membrane permeabilization.

Interestingly, Ca®*-induced brain mitochondrial PT was
stmulated by Na' (10 mM; Fig. 4). This suggests that,
under conditions in which an increase in cytoplasmic free
Ca®* is accompanied by an increase in Na™ concentration,
such as that found in excitotoxicity (Choi 1987), there is a
stimulation of Ca®"-induced brain mitochondrial PT and
oxidative stress. This result is in accordance with a previons
report (Dykens 1994) showing that Na™ increases ROS
generation by cercbral and cerebellar isolated mitochondria
in the presence of Ca®*. On the other hand, Kristal er af.
{2000y did not observe a significamt stimulatory effect of
Na" on brain mitochondrial PT, estimated by mitochondrial
swelling, This observation is in apparent contrast with our
resuits showing that Na* potentiates Ca® -induced brain
mitochondrial A¥ dissipation and Ca® " release. Probably,
the swelling measwrements secondary 1o the entry of the
OSMOtC support can not detect small alterations in inner
mitochondrial membrane permeability (Gunter and
Pfeiffer 1990), explaining why Kristal e ol. (2000) did rot
observe a stimulatory effect of Na* on Ca®*-induced brain
mitochondrial PT.

Finally, we suggest that PT-induced brain mitochondrial
axidative stress and dysfunction may participate, together
with the release of mitochondrial apoptogenic signal
molecules into the cytosol, in the cascade of events (Tenneti
et al. 1998; Andreyev and Fiskum 1999; Castilho et of.
1999; Luetiens er al. 2000; Petersen er al. 20090) tha:
determine neuronal cell death under conditions associated
with cytosolic Ca*" overload.
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Abstract

Mitochondrial permeability transition (MPT) is a nonselective inner membrane permeabilization that contributes fo neuronal cell death
under circumstances such as brain trauma, ischemia, and hypoglycemia. Here we study the participation of MPT and the Bel-2-sensitive
apoptotic cell death pathway in glutamate receptor-mediated excitotoxicity. Intrastriatal infusions of the M-methyl-p-aspartate (NMDA)
receptor agonist quinolinic acid caused massive striatal neurodegeneration in both rats and mice. Interestingly, transgenic mice overex-
pressing human Bel-2 and rats systemically treated with cyclosporin A did not exhibit reduced sensitivity to quinolinic acid-induced striatal
toxicity. Both Bel-2 and cyclosporin A are inhibitors of MPT; in addition Bcl-2 alse inhibits apoptotic stimuli-mediated release of
maitochondrial apoptogenic factors. Isolated brain mitochondria from cyclosporin A-treated rats showed resistance to Ca®*-induced
dissipation of the membrane potential, indicating protection against MPT. We conclude that quinclinic acid-mediated swiatal excitotoxicity
is not dependent on MPT and Bel-2-sensitive apoptotic cell death pathways.
© 2003 Elsevier Science {(USA). All rights reserved.

Keywords: Bel-2; Calcium; Cyclosporia A; Mitochondrial permeability transition; NMDA; Quinolinic acid; striatum

Introduction sible for Ca’™ sequestration (Nicholls and Budd, 2000).
Increased Ca®™ concentration in the mitochondrial matrix

Excitotoxicity is a central nervous system process in may induce a phenomenon called mitochondrial permeabil-
which an increased glutamate release in response to, e.g., ity transition (MPT), characterized by a cyclosporin A-sen-
hypoglycemia, ischemia, or trauma results in neuronal ne- sitive nonselective permeabilization of the inner mitochon-
crosis or apoptosis {for reviews, see Rothman and Olney, drial membrane {for reviews, see Zoratti and Szabd, 1995;

1986; Albin and Greenamyre, 1992; Choi, 1996; Nicholls Kowaltowski et al,, 2001). MPT is also inhibited by high
and Budd, 20600). ThlS giutax}'xatewmediated cell death is transtnembrane membrane potential (Ad,,), adenine nucle-
largely, but not entirely, mediated by the Ca’” and Na* otides, Mg* ", acidic pH, antioxidants, and Bcl-2, an anti-

permeant N-methyl-p-aspartate (NMDA)-selective gluta- apoptotic protein mainly found in the outer mitochondrial
mate receptor. While Na™ influx in neurons is mainly as- membrane under normal conditions (Zoratti and Szabo,
sociated with cellular swelling, Ca®* influx is correlated 1995; Kowaltowskd et sl., 2001). The inper mitochondrial
with cellular toxicity (Choi, 1987). During cytosolic Ca®* membrane permeabilization caused by MPT results in loss
overload, the mitochondrion is the main organelle respon- of matrix components, impairment of oxidative phosphory-

lation, and swelling of the organelle, with consequent outer

membrane rupture and release of different ic fac-
* Comresponding author. Fax: +55-19-3788-9434. ane rup erent apopiogenic

E-mail address: toger@fom. unicamp.br (RF. Castifho). tors imto the cytoso_l (Zoratti and Sza‘z?o, 1995; ‘Crempion,
! Present address: Cambridge Center for Brain Repair, University of 1999; Kowaltowsk: et al., 2001). Mitochondrial apopto-
Cambridge, Forvie Site, Robinson Way, CB2 2PY Cambridge, UK. gemic factors include cytochrome ¢ (Liu et al, 1996).

0014-4886/03/% ~ see front matter © 2003 Elsevier Science {USA). All rights reserved.
doi:10,1016/50014-4886{03)001 651
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apoptosis-inducing factor (Susin et al., 1996), and a protein
known both as Diablo and Smac, that neutralizes a set of
caspase inhibitors known as inhibitor of apoptosis proteins
{IAPs) (Du et al., 2000). Furthermore, cytosolic calcium
overload activates different enzymes involved in cell death
(phospholipase A,, calcineurin, proteases, and endonucle-
ases) (Leist and Nicotera, 1998; Orrenius et al., 1996; Coyle
and Puttfarcken, 1993; Wang et al, 1999) and induces
cellular oxidative stress (Covle and Puttfarcken, 1993;
Lafon-Cazal et al, 1993; Reynolds and Hasting, 1995;
Castitho et al., 1999).

The inhibitory property of cyclosporin A on MPT is
related to its binding to inner mitochondrial membrane
cyclophilin D in a process associated with inhibition of the
peptidylproly! cis-trans isomerase activity {(Halestrap and
Davidson, 1990; Griffiths and Halestrap, 1991; Nicolli et
al., 1996). Although the immunosuppressive activity of cy-
closporin A is mediated by inhibition of the phosphatase
calcineurin, this mechanism is not involved in MPT inhibi-
tion {Griffiths and Halestrap, 1991). Studies focused on
experimental models of neurodegeneration report that cy-
closporin A inhibits cell death in cultured neurons (Niemi-
nen et al, 1996; Schinder et al.,, 1996; Petersen et al., 2000)
and in rat brain (Uchino et al., 1998; Friberg et al,, 199%8),
implicating the participation of MPT. The mechanism of
MPT inhibition by Bel-2 is less well understood. Experi-
ments using cells that overexpress Bcl-2 suggest that the
inhibition of MPT promoted by Bcl-2 is mediated by en-
hancing H™ efflux in the presence of membrane potential-
loss-inducing stimuli (Shimizu et al., 1998), by maintaining
mitochondrial pyridine nucleotides in a reduced redox state
{Kowaltowski et al., 2000) and/or by preventing oxidation
of protein thiol groups (Zamzami et al., 1998). Bel-2 counld
also inhibit the release of mitochondrial apoptogenic factors
m a mechanism independent of MPT inhibition (for a re-
view, see Martinou and Green, 2041).

In this paper, we study the role of MPT and the Bel-2-
sensitive apoptotic cell death pathway in striatal lesions in
rodents induced by quinolinic acid, a potent NMDA recep-
tor agomist. We attempted to inhibit MPT in vivo cither by
systemic treatment of rats with cyclosporin A or by using
mice overexpressing Bel-2.

Materials and methods
Disruption of the blood-brain barrier

Female Wistar rats weighing 250 g were fasted overnight
with access to water before surgery. Six days before intra-
striatal infusion of quinolinic acid/vehicle or forebram mi-
tochondrial isolation the rats were anesthetized with pento-
barbital sodium (40 mg/kg, ip). In order to disrupt the
blood-brain-barrier a 10-ul Hamilton syringe {cannula outer
diameter 450 pum) was inserted in the right dorsal hip-
pocampus and saline (2 ul; 0.9 % NaCl) was stereotactically
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injected over 2 min at the following coordinates: 3.5 mm
caudal to bregma; 1.3 mm lateral to midline; 3.0 mm ventral
from the dural surface; with the tooth-bar set at zero
(Uchino et al., 1998).

Striatal lesions in rats, cyclosporin A treatment, and
tissue preparation

Six days following rupture of the blood-brain barrier, the
rats were anesthetized with pentobarbital sodium (50 mg/
kg, ip). Intrastriatal injections of 50 nmol (2 pl) of quino-
Hnic acid from a 10-ul Hamilton syringe were performed in
the right hemisphere at the following stereotaxic coordi-
nates: 1.3 mm rostral to bregima; 2.7 mm lateral to midline;
4.5 mm ventral from the dural surface; with the tooth-bar set
at zero. The toxin was injected over 2 min, and afterward
the cannula was left in place for an additional 2 min.

The rats received daily intraperitoneal injections of ve-
hicle (» = 7) or 15 mg kg~ cyclosporin A (n = 7) starting
4 days before the quinolinic acid injection and continuing
for 4 days after injection of the excitotoxin. On the day of
surgery, the rats received two injections of vehicle or cy-
closporin A, at I h before and at 4 h after the quinolinic acid
infusion. During pilot experiments we observed that a
higher cyclosporin A dose, 20 mg Kg™' day™' for 8 days,
was toxic and resulted in loss of body weight or death of the
rats. Cyclosporin A (50 mg/ml; Sandimmune, Novartis,
Switzerland) was diluted to 10 mg/m! i 0.9% NaCl. Cre-
mophor oil was diluted five times in 0.9% NaCl and was
used as vehicle.

At 4 days after the quinolinate injection the animals were
deeply anesthetized with pentobarbital sodium (80 mg/kg,
ip) and transcardially perfused with saline for 2 min fol-
lowed by 250 ml 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The brains were removed and kept in the
same formaldehyde solution for 24 h prior to transferring
them inmto 20% sucrose/0.1 M phosphate buffer for 36 h. The
brains were cut on a freezing microtome into 3 series of
40-pm-thick coronal sections through the striatum before
processing them for Fluoro-Jade staining.

Strigtal lesions in mice and tissue processing

We used transgenic mice in which neurons overexpress
the human Bcl-2 protein under the control of the neuron-
specific enolase (NSE) promoter, as described by Martinou
et al. {1994). Males (C57BL/6) heterozygous for the trans-
gene were crossed with C57BL/6 fernales. The presence of
the bel-2 transgene was confirmed by polymerase chain
reaction (Dubois-Dauphin et al., 1994}, Wild-type littermate
(n = 7) and transgenic female mice with Bcl-2 overexpres-
sion {n = 7) weighing 30 g were fasted overnight with
access to water before surgery. Under equithesin anesthesia
(3 ml/kg, ip), the mice received intrastriatal injections of 30
amot (1 ul) of quinolinic acid from a 2-ul Hamilton syringe
at the following stereotaxic coordinates: 0.7 mm rostal to
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bregma; 1.8 mm lateral to midline; 2.4 mm ventral from the
dural surface; with the tooth-bar set at zero. The toxin was
injected for 2 min, and the cannula was left in place for an
additional 2 min.

Four weeks after the quinolinate injection, the animals
were deeply anesthetized with pentobarbital sodium (80
mg'kg, ip) and transcardially perfused with 30 ml saline,
followed by 100 ml 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). The brains were removed and main-
tained in the same fixative for 4 h before being transferred
mto 20% sucrose/0.1 M phosphate buffer for 24 h. The
brains were sectioned coronally through the striatum using
a freezing microtome into 3 series of 40-pum-thick sections
before being processed for DARPP-32 immunochistochem-

istry.
Fluoro-Jade

Fluoro-Jade staining was performed as described by
Schmued et al. {1997). Briefly, fixed brain sections were
mounted, dried, and immersed in 100% ethanol, followed
by 70% ethanol. Sections were then treated with 0.06%
potassium permanganate for 15 min. After rinsing, sections
were immersed in Fluoro-Jade (0.001% Fluoro-Jade/0.1%
acetic acid; Histo-Chem Inc., Jefferson, AR} for 30 min.

DARPP-32 immunohistochemistry

Free-floating sections were processed for DARPP-32
(dopamine- and cyclic AMP-regulated phosphoprotein of a
molecular weight of 32 kDa) immunchistochemistry. Free-
floating sections were incubated in 10% horse serum/0.2%
Triton X-100/0.1 M PBS for 1 h at room temperature,
followed by a reaction with an antibody against DARPP-32
(1:20,000; kindly donated by Drs. P. Greengard and H.
Hemmings, Weil Medical College, New York, NY) for48 h
at 4°C. Sections were incubated with a biotinylated second-
ary antibody (1:200) for 1 h, and bound antibody was
visualized using the ABC system (Vectastain ABC ki,
Vector Laboratories, Burlingame, CA), with 3,3'-diamino-
benzidine as chromogen.

Cell counting and data analysis

The number of DARPP-32-positive celis in the striatum
was assessed on blind-coded slides with a semiautomated
stereological system {Olympus C.A.S.T. Grid system (ver-
sion 1.10), composed of an Olympus BX50 microscope and
3 X-Y-Z step motor stage run by a computer]. This sampling
technique is not affected by tissue volume changes, does not
require reference volume determination (West et al., 1991),
and is considered to provide the most accurate estimates of
cell numbers {Coggesshall and Lekan, 1996}, The area of
the striatum was delineated and a counting frame was ran-
domly placed within the striatum to mark the first arez to be
sampled. The frame was systematically moved through the

EN. Muciel et al. / Experimental Newrology 183 (2003) 430-437

striatum. The number of positive cells was then extrapolated
according to a stereological algorithm (West et al., 1991).
The areas containing Flnoro-Jade-positive cells were delin-
cated and the lesion volume was determined using the same
equipment as described above (West et al, 1991), All data
were analyzed by unpaired two-tailed Student’s 7 test and
presented as means = SD.

Isolation of rat forebrain mitochondria from control and
cyclosporin A-treated rats

The blood-brain barrier was disrupted in all rats as de-
scribed above, except for the rats used for the experiments
shown in Fig. 3B. The rats received daily intraperitoneal
injections of vehicle or cyclosporin A (15 mg/kg) starting 3
days before forebrain mitochondrial isolation, with the last
mjection made 10 h before the mitochondrial isolation.
Forebrain mitochondria were isolated from control and cy-
closporin A-treated rats as described by Rosenthal et al.
{1987} with minor modifications. Rats were killed by de-
capitation, and their brains rapidly removed (within 1 min)
and put into 10 ml of ice-cold “isolation buffer” containing
225 mannitol, 75 mM sucrose, 1 mM K*-EGTA, 0.1 %
bovine serum albumin (BSA; free fatty acid), 10 mM K~-
Hepes, pH 7.2, and 5 mg protease. The cerebellum and
underlying structures were removed and the remaining ma-
terial was used as the forebrain. The tissue was cut into
small pieces using surgical scissors and extensively washed.
The tissue was then manuaily homogenized in a Dounce
homogenizer using a loose-fitting and a tight-fitting pestle.
The homogenate was centrifuged for 3 min at 2000g in a
Beckman JA 20 rotor. After centrifugation the supernatant
was recentrifuged for 8 min at 12,000g. The pellet was
resuspended in 20 mi of isolation buffer containing 80 ol of
10% digitonin and recentrifuged for 8 min at 12,000¢. The
supernatant was decanted and the final pellet gently washed
and resuspended in isolation buffer devoid of EGTA, at an
approximate protein concentration of 30-40 mg/ml. The
respitatory control ratio {state 3/state 4 respiratory rates)
was over 4.0, measured using succinate and glutamate as
substrates.

Measurements of mitfochondrial transmembrane electrical
potential (A

Mitochondrial A¢ was estimated through fluorescence
changes of safranin O (5§ pM) recorded on a Mode! F-4010
Hitachi spectrofluorometer (Hitachi, Lid,, Tokyo, Japan)
operating at excitation and emission wavelengths of 495 and
386 nm, respectively, with siit widths of 3 nm (Akerman
and Wikstrdm, 1976).

Chemicals

Most chemicals, including ADP, digitonin, EGTA,
FCCP, glutamic acid, Hepes, protease type VI, quinolinic
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acid, safranine O, and succinic acid were obtained from
Sigma Chemical Company (St. Louis, MO}, Fluoro-Jade
was purchased from Histo-Chem Inc.

Results

Transgenic mice overexpressing human Bel-2 and rats
systemically treated with cyclosporin A are not protected
against quinolinic acid-induced striatal lesion

It has been shown that transgenic mice overexpressing
human Bel-2 under the control of the neuron-specific enolase
promoter are partially resistant to brain lesion induced by
ischemia, trauma, inhibifors of mitochondrial respiratory chain,
and neuronal death secondary to axotomy (Dubois-Dauphin et
al., 1994; Martinou et al, 1994; Kitagawa et al,, 1998; Raghu-
pathi etal., 1998; Yang et al., 1998; Bogdanov et al,, 1999). To
study if overexpression of Bel-2 could render striatal neurons
resistant to excitotocicity in vivo we tested the sensitivity of
these mice fo quinolimic acid, & potent agonist of NMDA
receptor (Foster et al, 1988). The quinolinic acid-induced
striatal lesions in mice were evaluated as loss of DARPP-32-
immunopositive neurons (striatal projection peurons). Four
weeks after quinolinic acid infusion, only around 50% of the
DARPP-32-immunostained neurons remained in the striatum
in wild-type control mice compared with the contralateral
nonlesioned side (Fig. 1). Transgenic mice overexpressing
human Bel-2 exhibited lesions of a similar size, indicating that
overexpression of Bel-2 in vive does not render striatal neu-
tons resistant to excitotoxicity.

in situations when the blood-brain barrier is compro-
mised, systemic treatment of rats with cyclosporin A results
i resistance to brain lesions induced by ischemia, hypogly-
cemia, 3-mitropropionic acid, and trauma (Friberg et al,
1998; Uchino et al, 1998; Matsumoto et al, 1999;
Okonkwo and Povlishock, 1999; Leventhal et al., 2000). In
our experimental paradigm, rats were initially subjected to
brain surgery to disrupt the blood-brzin barrier prior 1o
receiving daily injections of cyclosporin A for 8 days, start-
ing 4 days before intrastriatal quinolinic acid infusion. The
treatment with cyclosporin A did not cause a reduction in
the number of Fluoro-Jade-positive dead or dying striatal
neurons {Fig. 2), suggesting that inhibition of MPT does not
protect neurons against excitofoxic death in vivo. Moreover,
no toxic effect of cyclosporin A was observed on striatal
neuron morphology. This was evidenced by the lack of
alterations in both striatal volume and neuronal number in
the striatum contraiateral to the lesion {results not shown).

MPT in isolated rat brain mitochondria: Protective effects
of systemic treatment with cyclosporin 4 and of in vifro
micromolar concentrations of ADP and ATP

In order to study if systemic freatment with cyclosporin
A inhibits MPT in brain mitochondria, we assessed trans-
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membrane electrical potential after exposure to high [Ca?™]
in isolated brain mitochondria from vehicle and cyclosporin
A-treated rats (Fig. 3A). Isclated mitochondria from cyclo-
sporin A-treated rats were strongly resistant to Ca”*-in-
duced decrease of transmernbrane electrical potential (Fig,
3A).

The lack of participation of MPT in quinolinic acid-
induced siriatal lesion could be explained by the presence of
endogenous inhibitors of this phenomenon in vivo. A potent
inhibition of Ca’*-induced Ca®" release from brain mito-
chondrial and inner membrane permeabilization by adenine
nucleotides has been previously reported (Nicholls and
Scott, 1980; Rottenberg and Marbach, 1990; Brustovetsky
and Dubinsky, 2000). Indeed the resuits shown in Fig. 3B
indicate that micromolar concentrations of ATP (line d) and
ADP (line ¢) inhibit Ca**-induced decrease of transmem-
brane electrical potential. No protective effect was observed
in the presence of AMP (line b). Since brain mitochondrial
preparation has considerable adenylate kinase and ATPase
activities, part of the ATP added to the experiment can be
converted to ADP, making it difficult to establish the K, for
these adenire nucleotides in Ca®*-induced brain MPT (Rot-
tenberg and Marbach, 1990).

Discussion

MPT has been implicated in cell death in several exper-
imental models for neuronal disorders, including brain hy-
poglycemia, ischemia, and trauma (Frberg et al, 1998;
Matsumoto et al., 1999; Uchino et al., 1998; Okonkwo and
Povlishock, 1999). Since excitotoxicity is believed to con-
tribute to neuronal cell death under these conditions (for a
review, see Fiskum et al., 1999), we investigated whether
MPT is involved in excitotoxic brain damage in rats and
mice following infusion of quinolinic acid, a potent endog-
enous agonist of NMDA receptor. We studied rats system-
ically treated with the MPT inhibitor cyclosporin A {Uchino
et al,, 1998) and mice overexpressing the endogenous MPT
inhibitor Bel-2 (Martinou et al., 1994; Murphy et al., 1996).
QOur results did not reveal any protective effect of Bel-2
(Fig. 1) or cyclosporin A (Fig. 2) on quinofinic acid-induced
striatal toxicity, indicating that excitotoxic neuronal cell
death is not dependent on MPT in this model.

The present resulis are consistent with our earlier find-
ings showing that the MPT inhibitors bongkrekic acid and
cyclosporin A do not inhibit glutamate-induced cytoplasmic
Ca*" deregulation in cultured cerebellar granule cells
{Castilho et al., 1998). A very limited protective effect of
cyclosporin A on glutamate-induced death of hippocampal
culiured neurons was also recently reported by Brustovetsky
and Dubinsky (2000). The lack of effect of cyclosporin A in
quinolinic acid-induced striatal lesion in rats was probably
not due to a failure of MPT inhibition in vivo, since isolated
brain mitochondria from cyclosporin A-treated rats showed
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Fig. 1. Transgenic mice overexpressing human Bel-2 ase not protecied agamst quinolinic acid-induced stristal toxicity. Photornicrographs of striatal sections
{A-D) were prepared from brains 4 weeks after intrastriatal quinolinic acid injection, processed for DARFP-32 immunohistochemistry, Sections from
wild-type (A) and transgenic mice (B) show massive loss of striatal DARPP-32 neyrons. (C and I2) Photomicrographs of contralateral (unlesioned side) and
ipsilateral {closest tv the site of quinolinic acid injection) striatal sections of a wild-type mouse, respectively. (E) Quantification of the number of striatal
DARFPP-32-positive neurons, The number of positive neurons was counted in the fve coronal sections closest o the site of injection and is expressed as a
mean {erzor bar = 8D) percentage of the number of positive cells on the contralateral unlesioned side {7 = 7 transgenic mice; # = 7 wild-type mice). [Bar

= {.5 mm {A and B) and 30 gm {C and D)].

resistance to Ca® "-induced MPT when compared with iso-
lated organelles from vehicle-treated rats (Fig. 3A).

Bcl-2 overexpression in cultured cell Hnes results in
protection against Ca*"-induced MPT (Murphy et at., 1996;
Shimizu et al., 1998; Zamzami et al., 1998; Kowaltowski et
ai., 2000} and apoptotic stimuli involving release of mito-
chondrial apoptogenic factors such as cytochrome ¢ {Mar-
ticou and Green, 2001). Several reports show that trans-
genic mice overexpressing Bel-2 display marked protection

against neuronal cell death promoted by oxidative stress
{(Merad-Saidoune et al, 1999), mitochondrial respiratory
chain inhibition (Yang et al., 1998; Bogdanov et al., 1999),
serum deprivation {Schierle et al., 1999), and stawrosporine
{Schierle et al., 1999). On the other hand, Yang et al {2000)
did not observe inhibition of MPT i isclated liver mito-
chondria from transgenic mice overexpressing human Bel-2
under the control of Hver-specific enolase. Our results with

transgenic mice overexpressing Bel-2 suggest that guino-
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Iimic acid-induced striatal cell death is not dependent on
Bcl-2-sensitive apoptotic cell death pathways,

in the sxperiments with both mice and rats, we chose to
inject a concentration and volume of quinolinic acid that
lesions approximately 50% of the striatal volume. We ex-
pected that this size of lesion was suitable if we wanted to
observe a protective effect of cyclosporin A or Bel-2 on
striatal neurons. Although the lesion (cell death) is complete
around the needle track, i.e., around the quinolinic acid
infusion site, there is a clear penumbra where a few neurons
survive and where one could expect to first observe the
effect of neuroprotective agents, should it be mild (Nakao et
al.,, 1996; Dimagl et al., 1999), Thus, if CsA or Bcl-2 were
to display any necuroprotective effect at low quinolinic acid
concentrations, they would be expected to inhibit cell death
in the penumbra.

The results indicating that MPT is not invelved in quino-
linic acid-induced cell death were unexpected, since NMDA
hyperstimulation results in a high Ca** and Na' mflux
followed by mitochondrial Ca®* accumulation (Nicholls
and Budd, 2000} and increased cellular production of reac-
tive oxygen species (Castitho et al,, 1999), situations that
strongly favor MPT (Zoratti and Szabd, 1995; Kowaltowski

o

Lesion Volume (mm?)

Control

CshA

Fig. 2. Rats systemically treated with cyclosporin A (CsA) are not pro-
tected against quinolinic acid-induced striaial toxicity. Photomicrographs
of striatal sections {(A-~-C) were prepared from brains 4 days after intrastri-
atal guinolinic acid imjection, labeled with the fluorescent cell death marker
Fluoro-Jade. Sections from vehicle-treated (A) and cyclosporin A-treated
(B} rats contain numerous stained cells. {C) Photomicrograph (closest to
the site of quinolinic acid injection) of a sériatal section of a control at, (D)
Quantification of lesion volume. The lesion volume was determined and
expressed as mean = 8D (7 = 7 vehicle-injected rats; # = 7 cyclosporin
A-treated rats). [Bar = 0.5 mm (A and B) and 60 pm (C and DY),

Cat+
A B FCOP
™ o
d
|
ls lgéf
a3 B30
gs 5= b
& & ’ =
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Fig. 3. Protective effects of systemic treatment with cyclosporin A {A) and
in vitre micromolar concentrations of ADP and AT (B) on Ca*" -induced
mitochondrial ransmembrane electrical potential (Ay) dissipation. Isolated
brain mitochondria (BM) {0.5 mg/ml) were incubated at 28°C n standard
reaction medium (100 mM sucrose, 65 mM KCI, 10 mM K™-Hepes buffer
(PH 7.2), 20 uM EGTA, ] mM P, 5 mM glutamate, and 5 mM succinate)
conjaining 3 uM safranine O to0 estimate Ad. Mg (2.5 mM) was also
present in fhe reaction medium, except for the experiments shown in papel
A, to minimize the formation of complexes between Ca®* and adenine
nucleotides. (A} BM from vehicle- (lines a, b, and ¢) and cyelosporin
A-yreated (lines ¢ and d) rats were added to reaction medium. Ca** (80
pL, lines b and 4, or 100 pM, (lines a, ¢, and e} and I M FCCP (lines
a-€) were added where indicated by arrows. Line ¢ represents an experi-

ment where BM were added to reaction medium contaiming 200 uM AD?,
1 pgiml oligomycin, and 1 uM cyclosposin A (B) BM were added to
reaction medium containing 100 2M AMP (line b}, 100 M ADP (line c),
100 M ATP (line d), 200 «M ADP, 1 pg/ml oligomycin plus 1 pM
cyclosporin (line e}, or no other additions (line a). C2** (120 «M) and I
uM FCCP were added where indicated by the arrows. The results shown
are representative of a series of at least four experiments, using different
mitochondrial preparations. The results were reproduced within 10% of
vatiation.

et al., 2001; Maciel et al,, 2001). One possible explanation
for the lack of participation of MPT in our experimental
model is the presence of endogenous inhibitors of this
phenomenon in vivo, such as adenine nucleotides. In fact,
we observed a potent inhibition of Ca’*-induced MPT in
vitro by micromolar concentrations of ADP or ATP (Fig.
3B). Another possibility is that under our experimental
conditions the mitochondrial pathways of neuronal celt
death, including MPT, are bypassed by alternative intracel-
lular mechanisms that eventually result in cell death. Fi-
nally, we propose that situations where ATP and ADP are
severely depleted, such as brain ischemia (Uchino et al.,
1998; Matsumoto et al., 1999) and hypoglycemia (Friberg et
al., 1998), would favor the participation of MPT in excito-
toxicity.
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Abstract

Changes in mitochondrial integrity, reactive
oxygen species release and Ca” handling are
proposed to be involved in the pathogenesis of
many  neurclogical disorders  including
methylmalonic acidemia and Huntington's
disease, which exhibit partial mitochondriaj
respiratory inhibition. In this report, we studied
the mechanisms by which the respiratory chain
complex I inhibitors malopate, methylmalonate
and  3-nitropropionate  affect rat  bramn
mitochondrial function and neuronal survival.
All three compounds, at concentrations which
inhibit respiration by 50%, induced
mitochondrial inner membrane permeabilization
when in the presence of micromolar Ca**
concentrations. ADP, cyclosporin A and catalase
prevented or delayed this effect, indicating it is
mediated by reactive oxygen species and
mitochondrial permeability transition (PT). PT
induced by malonate, methylmalonate and 3-
nifropropionate was also present in mitochondria

isolated from liver and kidney, but required more
significant respiratory inhibition. In brain, PT
promoted by complex II inhibitors was stimulated by
increasing Ca” cycling and absent when
mitochondria were pre-loaded with Ca™ or when
Ca™" uptake was prevented. In addition to isolated
mitochondria, we determined the effect of
methylmalonate on cultured PC12 cells and freshly
prepared rat brain slices. Methylmalonate promoted
cell death in striatal slices and PC12 cells, in a
manner attenuated by cyclosporin A and
bongkrekate, and unrelated to impairment of energy
metabolism. We propose that under conditions in
which mitochondrial complex Il is partially inhibited
in the CNS, neuronal cell death involves the
induction of PT.

Keywords: energy metabolism, metabolic disease,
calcium, free radicals, respiration, electron transport
chain.

J. Neurochem. (resubmitted version)

Many neurological disorders are associated with
mitochondrial  electron  transport  chain
inhibition, epergy metabolism impairment and
oxidative stress (for review, see Beal 1998;
Nicholls and Budd 2000). Energy metabolism
defects in neurons cause increases in
intracellular Ca”™ levels, either by directly
impairing Ca’* removal systems or due to
NMDA receptor activation (Albin  and
Greenamyre 1992; Fiskum e al. 1999; Nicholls
and Budd 2000). During cytosolic Ca®
overload, lytic enzymes such as phospholipase
As, proteases and endonucleases

Address correspondence and reprint requests to Dr. Roger F.
Castilho, Departamento de Patologia Clinica, Faculdade de
Ciéncias Meédicas, Universidade Estadual de Campinas,
Campinas, SP 13083-970, Brazil. Fax: +55 19 3788 0434; E-
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Abbreviations used: BKA, bongkrekic acid: CsA,
cyclosporin A FCCP, carbonyk cyanide-p-
triflucromethoxyphenyl hydrazone; MA, malonate; MMA,
methylmalonate;  MTT,  3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium  bromide; 3-NP, nitopropionate; PT,
permeability tansition: AY, mitochondrial fransmembrane
electrical potential.
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are acfivated, resulting in cellular degradation
(Orrenius er ol 2003). Under these conditions,
the mitochondrion is the main organelle
responsible for Ca’" sequestration, a required
step in NMDA-induced neurotoxicity (Budd and
Nicholls 1996; Castilho er al. 1998; Stout ef a.
1998). Excessive mitochondrial Ca®" uptake and
oxidative stress can cause non-selective inner
mitochondrial membrane  permeabilization,
known as the permeability transition (PT)
(Zoratti and Szabd 1995; Kowaltowski er al.
2001). PT results in mitochondrial Ca® release,
organellar swelling, release of
intramitochondrial apoptogenic factors such as
cytochrome ¢ (Liu ef al. 1996) and loss of inner
membrane potential and ATP synthesis. Since
PT hampers oxidative phosphorylation and
promotes the release of pro-apoptotic proteins, it
can result both in necrosis and apoptosis (Kim ef
al. 2003). PT is inhibited by cyclosporin A
(CsA), a dmg shown to be protective in
neurcnal ischemia models (Nieminen er al
1996; Schinder ef al. 1996; Uchino ef al. 1998;
Petersen et . 2000), suggesting the importance
of PT in the pathogenesis of ischemic damage.
Changes in  mitochondrial  energy
metabolism may also occur in other neurological
disorders. In this work, we focused on
respiratory chain complex II inhibition such as
that observed in methylmalonic acidemia, a
disorder of branched amino acid and odd-chain
fatty acid metabolism, involving a defect in the
conversion of methylmalonyl-coenzyme A to
succinyl-coenzyme A. This disease, which
affects approximately 1 in 50,000 infants, is
caused by a deficiency in methylmalonyl-CoA
fnutase activity. Patients present neurological
manifestations such as seizure, encephalopathy
and stroke, usually within the first months after
birth (Matsui ef al. 1983; Fenton er al. 2001). It
is hypothesized that neurological damage in this

disease is due to accumulation of
methylmalonate (MMA) and inhibition of
mitochondrial succinate dehydrogenase

(complex 1l), resulting in impaired energy
metabolism and oxidative stress (Dutra er al
1993; Wajner and Coelho 1997; McLaughlin ez
al. 1998},

Joumal of Neurochemistry {resubrnitted version - 2004)

The concept that complex II inhibition and
oxidative stress are a cause of neurological damage
is supported by the finding that complex II
inhibitors 3-nitropropionate (3-NP) and malonate
{MA) can induce neurochemical, histological, and
clinical features of another neurodegenerative
disorder, Huntington's disease, in a mechanism
sensitive to antioxidants (Beal et ol 1994; 1993).
Interestingly, complex I/II1 is inhibited in the brains
of Huntington’s disease patients, in a manner most
intense in the areas affected by the disease (Gu'ef al.
1996; Browne er al. 1997).

Based on the accumulating evidence that
mitochondrial respiratory chain inhibition, oxidative
stress and Ca’ handling are involved in the
pathogenesis of neurological diseases, we
investigated the effects of complex II inhibitors on
mitochondrial inner membrane integrity in the
presence of Ca™".

Materials and methods

Animal care and use

The experimental protocols were approved by the
Comittee for Ethics in Animal Research of the
Universidade Estadual de Campinas in compliance
with the Brazilian College for Animal
Experimentation.

Isolation of rat forebrain mitochondria

Forebrain mitochondria were isolated as described
by Rosenthal er of (1987) with minor modifi-
cations, from female Wistar rats weighing 200-250
g. Rats were killed by decapitation, their brains
rapidly removed (within 1 min) and put into 10 ml
of ice-cold “isclation buffer” containing 225 mM
mannitol, 75 mM sucrose, | mM K'-EGTA, 0.1%
bovine serum albumin (BSA; free fatty acid), 10
mM K*-HEPES pH 7.2 and 5 mg protease (P-8038,
Sigma Chemical Co.). The cerebellum and
underlying structures were removed and the
remaining material was used as the forebrain. The
tissue was cut into small pieces using surgical
scissors and extensively washed. The tissue was
then wmanually homogenized in a Dounce
homogenizer using both a loose fitting and a tight
fitting pestle. The homogenate was centrifuged for 3
min at 2,000 g in a Beckman JA 20 rotor. After
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centrifugation, the supernatant was recentrifuged
for 8 min at 12000 g The pellet was
resuspended in 20 ml “isolation buffer”
comtaining 80 wl of 10% digitonin and
recentrifuged for § min at 12,000 g The
supernatant was discarded and the final pellet
gently washed and resuspended in "isolation
buffer” devoid of EGTA, at an approximate
protein concentration of 30-40 mg/mi. The
respiratory conmtrol ratio (state 3/state 4
respiratory raie) was over 7.0, measured using
succinate as a substrate. State 3 respiratory rates
in the presence of succinate were in the range of
65-75 nmol Ox/min/mg.

Isolation of rat liver and kidoey mitochondria
Rat liver and kidney mitochondria were isolated
by the same procedure described above for
forebrain mitochondria, including the addition
of digitonin to the second pellet. Respiratory
control ratios were above 5 using succinate.

Standard incubation procedure

The experiments using isolated mitochondra
were carried out at 28°C, with continuous
magnetic stirring, in a standard reaction medium
containing 100 mM sucrose, 65 mM KCI, 10
mM K"-HEPES buffer (pH 7.2), 30 pM EGTA,
~10 UM contaminating Ca>", 1 mM P; and 5 mM
succinate. Other additions are indicated in the
figure legends. The resulis shown are
representative of a series of at least four
experiments using different mitochondrial
preparations. The results were reproduced
within 10% variation.

Oxygen uptake measurements

Oxygen consumption was measured using a
Clark-type  electrode  (Yellow  Springs
Instruments, OH, USA} in 1.3 mi of standard
reaction medium (28°C), in a sealed glass
cuvette equipped with a magnetic stirrer.
Oxygen uptake measurements were conducted
in standard reaction medium containing 200 uM
EGTA,

Measarements of mitochondrial transmem-
brane electrica] potential (A'Y)

Joumal of Neurochemistry (resubmitted version - 2004)

Mitochondriat AY was estimated through
fluorescence changes of safranin O (5 uM) recorded
on a model F-4010 Hitachi spectrofluorometer
(Hitachi, Ltd., Tokyo, Japan} operating at excitation
and emission wavelengths of 495 and 586 nm,
respectively, with slit widths of 3 nm (Akerman and
Wikstrém 1976). Using this technique, the initial
fluorescence change promoted by Ca” uptake
appears less pronounced than the response using
tetraphenylphosphonium electrodes due to the non-
logarithmic relationship to A¥Y using safranin, and a
possible slower distribution of safranin between the
mitochondrial and buffer fractions.

Determination of mitochondrial swelling
Mitochondrial swelling was estimated through light
scattering changes recorded on a spectrofluorometer
operating at excitation and emission wavelengths of
520 nm, with slit widths of 1.5 nm (Andreyev er al.
1998).

Determination of NAD(P) redox state

The oxidation or reduction of endogenous pyridine
nucleotides in the mitochondrial suspension was
followed by measuring fluorescence levels at
excitation and emission Iengths of 366 and 450 nm,
respectively.

PC12 cell cultares

Cultured pheochromocytoma cells (PCI12 cells)
were continuously maintained at 37°C and 5% CO;
in Modified Eagle's Media (4.5 g1 glucose)
supplemented with 10% horse serum and 5% fetal
bovine serum. MMA (20 mM) treatments were
conducted in the same media, during 24 h. Medium
pH after incubation with MMA was measured using
a conventionat pH electrode.

Cellular content and viability

Cell content and viability were measured by
evaluating  DNA-bound  ethidium  bromide
fluorescence {excitation = 365 nm, emission = 580
nm} before and after the addition of 0.1%6 digitonin.
In the absence of digitonin, ethidium bromide
fluorescence is proportional to the number of dead
cells with compromised plasma membranes.
Fluorescence in the presence digitonin, at
concentrations sufficient to permeabilize the plasma
membrane to ethidium bromide, is proportional to
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the fotal number of cells (Karsten 1980), as
verified by parallel cell counts {not shown).
Since PC12 cells present doubling times of
approximately 72 hours and MMA treatments
are conducted during 24 hours, differences in
cell content probably reflect an inhibition of
PC12 proliferation in addition to cell damage
and death.

Brain slice preparation

Rats were killed by cervical dislocation,
decapitated and the brain removed (Pull and
Macllwain 1972; Marshall et ol 1996). The
striatal area was dissected and sliced coronally
{400 pm) with a Mcilwan tissue chopper. The
slices were washed with 1 ml in Hanks'
Batanced Salt Solution (HBSS) containing 1.26
mM CaCl, 041 mM MgSQ, and 5.55 mM
glucose and pre-incubated at 37°C with 300 ul
of the same medium bubbled with 5% CO,. The
pH was maintained at 7.4. Under conirol
conditions, these slices presented 70-80%
viability just after isolation and 60-70% viability
after 8 h. The initial 20-30% viability decrease is
most probably caused by mechanical damage.

MTT reduction

Neuronal injury in brain slices was guantified by
measuring the  reduction of  3-(4,5
dimethyithiazol-2-yi)-2,5-diphenyltetrazolium
bromide (MTT) to a dark violet formazan
product (Mosmann 1983). After incubation, the
slices were washed twice with ! mi in HBSS,
MTT reduction assays were performed in plates
containing 300 pl HBSS, and the reaction was
started by adding 0.5 mg/ml MTT. After 45 min
incubation at 37°C, medium was removed and
the slices dissolved in DMSQO. The rate of MTT
reduction was measured specirophotometrically
at a test wavelength of 570 nm and a reference
wavelength of 630 nm. In intact cells, MTT
reduction is  virtwally unaffected by
mitochondrial succinate dehydrogenase (Liu e
al. 1997).

Statistical analysis

Data in Figs. 9 and 10 were analyzed by
multiple pair-wise comparison Tukey tesis
performed by SigmaStat, and are presented as
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averages + standard errors of at least 3 experiments
conducted with different preparations. All other
figures depict representative traces of = 3
repetitions, except Figs. 1A-C, 5A-B and 6A-B,
which present averages + standard errors of at least
3 experiments.

Chemicals

Most chemicals, including A23187, alamethicin,
antimycin A, digitonin, FCCP, malonic acid,
methylmalonic acid, 3-nitropoptonic acid, protease
type VIII, rotenone, safranine O, malic acid, pyruvic
acid, succinic acid and MTT were obtained from
Sigma Chemical Company (St. Louis, Missour,
U.S.A). MA, MMA and 3-NP were prepared by
dissolving the respective acids in water and
adjusting the pH to 7.2 with KOH.

Results

In order to test the effects of complex I inhibition
on brain mitochondrial integrity and increase our
understanding of neuronal injury occurring in
methylmalonic acidemia and Huntington’s disease,
we initially determined the concentrations of MA,
MMA and 3-NP which inhibit succinate-supported
respiratory activity by 50% (Fig. 1 A-C). We found
that 40 1M MA, 4 mM MMA and 300 uM 3-NP
iead to approximately 50% inhibition of intact
isolated brain mitochondrial succinate-supported
respiration stimulated by oxidative phosphorylation.
This inhibition is insufficient to significantly
decrease the mitochondrial inner membrane
potential (A¥) in the absence oxidative
phosphorylation and Ca® (Fig. 1 D-F, lines b).
However, in the presence of either MA, MMA or 3-
NP, A¥ is dissipated if a 40 uM Ca®" addition is
made (lines e). This dissipation is most intense using
MA (Panel D), but also occurs within a few minutes
in the presence of MMA (Panel E) and 3-NP (Panel
F). Qualitatively similar results were obtained using
MA when experiments were conducted at 37°C.
Only a slight A¥ decrease is induced by Ca®* alone
(lines d). In all cases, AY¥ reached very low levels,
and the further addition of the proton ionophore
FCCP changed fluorescence levels only slightiy.
The loss of AY was prevented by the concomitant
presence of CsA and ADP (lines c), potent PT
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inhibitors in brain (Brustovetsky and Dubinsky
2000; Maciel er al. 2001; 2003), suggesting it is
not directly related to respiratory inhibition or
Ca"" uptake, but their additive effect on inner
mitochondrial membrane integrity. In order to
confirm that the A¥Y decrease observed in Fig. 1
was indeed related to non-selective inner
membrane permeabilization due to PT, we
measu-red mitochondrial swelling as a
consequence of ion, sucrose and water uptake,
following light scattering of the mitochondrial
suspension {Fig.2}. Alamethicin, which forms
large pores in the inner mitochondrial
membrane, was added at the end of each trace to
cause maximal swelling. We found that MA
(Panel A), MMA (Panel B} or 3-NP (Panel C)
and Ca"" camsed extensive mitochondrial
swelling (lines ¢). This swelling was not
observed in the presence of the respiratory
inhibitors (lines b) or Ca™ (lines d) alone.
Confirming that this swelling was due to PT,
CsA plus ADP fully prevented the Tight
scattering changes observed (fires ¢).

Catalase, which was previously shown to
prevent PT by removing mitochondrial HoO»
(Valle ef al 1993; Castilho e ol 1995;
Kowaltowski et al. 1996; Maciel er ol 2001),
was also tested on AY decreases promoted by
Ca’" and complex II inhibition (Fig. 3). We
found that catalase partially prevented and
delayed the loss of AY (compare fines ¢ and d),
suggesting that inner mitochondrial membrane
permeabilization under these conditions is at
least partially cansed by the accumulation of
mitochondrial H,0,.

In Fig, 4A, NADH-linked substrates were
added to the reaction medium to verify their
effect on MA and Ca’'-induced A¥ dissipation
and investigate if the observed effect was due to
the lack of respiratory substrates to support the
generation of AY. We found that NADH-
linked substrates o-ketoglutarate, glutamate,
malate and pyruvate (fine ¢) partially prevent
AY dissipation induced by Ca’ and MA (line
d). Interestingly, this prevention was stimulated
by the presence of the complex 1 inhibitor
rotenone (line b), a condition in which NADH-
linked substrates cannot support A,
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Parallel measurements of mitochondrial
NAD(PYH fluorescence (Fig. 4B) indicate that
pyridine nucleotide reduction is increased by
rotenone and NADH-linked substrates (line a),
confirming that PT is inhibited when NAD(P)H is
reduced. High NADH levels such as those ocourring
in the presence of rotenone have been linked to
prevention of PT by promoting NADP™ reduction
catalyzed by the mitochondrial transhydrogenase
(Lehninger et al. 1978; Hoek and Rydstrom 1988;
Zago et al 2000, Kowaltowski et al 2001),
improving mitochondrial redox capacity (Le-Quoc
and Le-Quoc 1989; Kehrer and Lund 1994). Thus,
our finding that NADH-linked substrates and
rotenone prevent MA and Ca’-induced A¥ loss
further support the hypothesis that this Joss is caused
by mitochondrial oxidative stress. On the other
hand, no oxidation of NAD(PYH is observed when
MA and Ca®” are added under conditions in which
PT is inhibited (/ine b), suggesting that NAD(P)H
oxidation by complex II inhibitors and Ca®*" is not
the cause of PT under these conditions.

Next, we investigated if the induction of PT
was specific for complex II inhibitors in the
presence of Ca’ or could also be observed with
partial inhibitions of other respiratory compiexes
(Fig. 5). Antimycin A (a complex IIT inhibitor) and
rotenone (a complex 1 inhibitor} were added to
mitochondrial suspensions at a concenfration that
inhibited maximized respiration by 50% (Panels A
and B). At these concentrations, antimycin and
rotenone did not cause a large A decrease after the
addition of Ca® (Panels C and D, lines d). This
result indicates that the A loss observed due to PT
in the previous figures occurs exclugively in
response to partial complex Il inhibition.

Our next experimenis iested the effects of
partial complex il inhibition and Ca’* on inner
membrane integrity of mitochondria isolated from
liver and kidney (Fig. 6). in order to establish if the
AY decrease was specific for brain. MA was used as
a complex I inhibitor since it was found to be the
most potent PT inducer (Fig. 1). MA concentrations
required to inhibit respiration by 30% in liver and
kidney mitochondria were similar to those in brain
(Panels A and B). However, these MA
concentrations only slightly increased (fines d) the
A¥ drop induced by 100 uM Ca®” alone (lines ¢).
Higher MA concentrations, resulting in more
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significant (60-80%) respiratory inhibition, did
promote a AY decrease ({ines ¢ and £}, but still
required incubation times much longer than in
brain. Thus, brain mitochondria seem to be more
sensitive to PT induced by Ca®™ and partial
complex 1T inhibition.

In order to gain insight into the mechanism
through which complex 11 inhibition and Ca®™
lead to PT, the role of mitochondrial Ca™" uptake
was investigated (Fig. 7). MMA was used in
these experiments since it probably has a more
important pathological role than MA or 3-NP.
We found that the A¥Y decrease promoted by
MMA and Ca’" (line d) was much less intense
when mitochondria were allowed to take up Ca®”
before respiratory inhibition by MMA (line b).
This suggests that mitochondrial Ca’* uptake
under conditions of partial complex II inhibition
is an underlying mechanism of PT induction. In
order to confirm this hypothesis, we tested the
effect of Na" ions, which increase mitochondrial
Ca™" cycling (Crompton et al. 1978). As
expected, Na* ions lead to increased AW loss
(lines ¢ and e, compare with lines b and d,
respectively). On the other hand, the inhibitor of
the Ca*" uniporter ruthenium red (line a) fully
prevented A¥ loss caused by MMA in Ca®™-
loaded mitochondria treated with Na".

The effect of Ca’" uptake on MMA-induced
PT was also investigated in mitochondria treated
with the 2protcm ionophore FCCP to prevent
active Ca&"" accumulation (Fig. 8). The Ca™
ionophore A23187 was added to ensure free
Ca*  transport across the mitochondrial
membranes. Under these conditions, swelling
promoted by 200 uM Ca®” alone (Jine ¢) was not
increased by MMA (line d), although
subsequent Ca™ and alamethicin additions
indicate that swelling could still occur.

Next, we were interested in determining if
PT induced by partial complex II inhibition
occurred within intact cells, and verifying the
effects of this process on cell survival. Again,
MMA was used due to its potential pathological
relevance (Matsui ef al. 1983; Fenton ef al
2001). In Fig. 9, PC12 cells were cultured in the
presence of MMA for 24 h. This resuited in a
statistically significant decrease in cell content
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(Panel A, empty bars) and an increase in cell death
(gray bars). Both the loss of cell viability and
content were fully recovered by the concomitant
presence of CsA, indicating this effect is caused by
PT. Indeed, the cells were also protected by
bongkrekic acid (BKA), which inhibits the
mitochondrial ADP/ATP translocator and prevents
PT (Vercesi 1984; Zoratti and Szabo 1993;
Zamzami et al 1996). FK500, which presents
similar calcineurin-inhibitory effects to CsA but
does not prevent PT (Griffiths and Halestrap 1991;
Friberg et al 1998; Uchino et al. 2002), did not
protect against MMA-induced damage in PC12 cells
when tested at various concentrations (0.01 - 1 pM).
The higher concentrations of FK506 resulted in
extensive cell death in the absence of MMA (not
shown).

In addition to promoting cell death, MMA
significantly decreased medium pH (Panel B). This
effect was not due to the presence of MMA itself,
since it was vprevented by CsA. Medium
acidification might be due to anaerobic glycolysis in
cells unable to adequately reoxidize NADH due to
PT and cytochrome ¢ loss (Huang e al 2001;
Schild et al. 2003). Indeed, BKA, which inhibits the
respiratory chain by avoiding ADP transport into
mitochondria, also promoted medium acidification.
Acidification by BKA was not observed prior to 24
h incubation with MMA, indicating it is not related
to the acidity of the drug itself. The finding that
BKA prevents cell damage but not medium
acidification indicates that the pH decrease
promoted by MMA is not responsible for the
increase in cell death and decreased cell content.

The effect of MMA was also tested on freshly
prepared rat striatal slices (Puoll and Macllwain
1972; Marshall er al. 1996), in order to ensure that it
is valid for adult, non-proliferating, neuronal cells
(Fig. 10). Lactate dehydrogenase release
measurements to estimate cell damage were not
attainable, since this enzyme was directly inhibited
by MMA (results not shown). Slice viability was
measured by estimating MTT reduction, which was
not affected by antimycin A and, therefore, is not
directly related to respiratory inhibition. Various
MMA exposure times and concemfrations were
tested, and the concentration which inhibited slice
viability by ~50% (3 mM) at 3 hours was chosen to
conduct funther studies on slice viability. The
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decrease in slice viability promoted by MMA
under these conditions was prevented by CsA,
confirming that this loss of viability is related to
PT. In addition, antimycin A did not decrease
slice viability, indicating that respiratory
inhibition alone does not lead to cell death under
these conditions.

Discussion

To understand the consequences of partial
complex 11 inhibition and its influence on CNS
mitochondrial PT, we monitored the effects of
chemically induced complex II inhibition on
isolated brain mitochondria. Both competitive
{MA) and noncompetitive and irreversible (3-
NP} respiratory inhibitors were used. MMA,
which inhibits respiration by producing intra-
mitochondrial metabolites (Okun et al 2002;
Kolker et al. 2003} was also tesied due to its
pathological relevance in  methyimalonic
acidemia (Matsui ef ol 1983; Fenton er al.
2001). We found that ~50% inhibition of ADP-
stimulated mitochondrial respiration by MA,
MMA or 3-NP had a synergistic effect with
Ca”", leading to extensive AW loss. This A% loss
was caused by mitochondrial PT, since it was
accompanied by swelling and could be
prevented by cyclosporin A plus ADP.
Interestingly, MA-induced PT was much less
prominent in liver and kidney mitochondria.
This finding brings further support to work
describing different characteristics of PT and
mitochondrial Ca®* handling in brain (Andreyev
and Fiskuom 1999; Berman et al 2000;
Brustovetsky ef al. 2003}, and may be due to
intrinsic differences in respiratory chain function
and electron leakage  between  these
mitochondrial. These data are also in line with
the finding that UNS damage prevails under
pathological conditions in which complex II is
chemically inhibited exogenously or due to
metabolic deficiencies such as methylmalonic
acidemia (Matsui er af 1983; Brouillet e ol
1993; Roodhooft ef al 1990; Wajner and
Coelho 1997; Gabrielson ef al. 2001).

AY¥ loss and swelling in brain mitochondria
were also partially prevented by catalase, which
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removes mitochondrial H;G,, indicating that PT
under these conditions is probably associated with
mitochondrial oxidative stress, as observed in many
models (see Kowaltowski ef al. 2001 for review).
We also found that PT promoted by MMA plus Ca™”
is prevented by NADH-linked substrates in the
presence of rotenone, a condition in which these
substrates cannot support A¥. These results indicate
that PT promoted by MMA is prevented by the
accumulation of  intramitochondrial NADH,
increasing mitochondrial redox capacity (Le-Quoc
and Le-Quoc 1989; Kehrer and Lund 1994;
Kowaltowski et al. 2001). Our finding is in line with
many previous results showing inhibition of PT by
mitochondrial NADH and NADPH accumulation
(Lehninger er al. 1978; Hoek and Rydstrom 1988;
Zago et al. 2000). However, even though we found
that the maintenance of reduced NAD(PIH can
protect against Ca’ and complex II inhibition-
stimufated PT, we did not find a decrease in
NAD(P)H levels in the presence of CsA, suggesting
this is not the cause of oxidative stress under these
conditions (Fig. 4B).

Mitochondrial reactive oxygen release is
strongly increased in the presence of respiratory
inhibitors, in a manner which may be stimulated by
Ca®*. As an example, complex 1 inhibition and Ca™
accumulation increase rteactive oxygen species
release (Starkov er al 2002; Sousa er al. 2003).
However, this respiratory inhibition-induced
oxidative stress is not necessarily a cause of PT, as
indicated by the lack of AY loss when Ca®* and
rotenone or antimycin A were added together. Thus,
under our experimental conditions, respiratory
inhibition and/or oxidative stress alone are not
sufficient to cause PT.

The cause for increased susceptibility to PT
seems to involve the lack of ability to respond
adequately with respiratory increases upon Ca®
uptake when succinate-sustained respiration is
partially inhibited. Indeed, stimulating Ca”" cycling
through the Ca”/Na” exchanger by adding
extramitochondrial Na~ intensifies the MMA effect.
PT is also less prominent when mitochondria are
allowed to accumulate Ca™ before MMA is added.
in addition, MMA-induced PT is not observed in
uncoupled mitochondria in which passive Ca’™"
uptake is ensured by the presence of A23187. Thus,
it is probable that under conditions in which
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respiration is partially inhibited by MMA, the
increased electron transport necessity incurred
by Ca®* uptake leads to PT. This suggests that
decreases of succinate dehydrogenase electron
transport rates lead mitochondria to a threshold
in which sensitivity to endogenous oxidants
increases upon A¥-driven Ca™ uptake.

The occurrence of PT in intact cells in a
model of methylmalonic acidemia was
confirmed through the finding that CsA
prevented cultured PC12 cell death induced by
MMA. CsA also prevented MMA-induced cell
death in adult, non-proliferating, striatal slices.
BKA, which inhibits PT by binding to the
adenine nucleotide translocator, a presumed
component of the PT pore (Beutner et al. 1996;
Marzo et al. 1998; Haworth and Hunter 2000),
prevented cell death induced by MMA. Since
BKA inhibits oxidative phosphorylation, the
maintenance of cell viability in its presence
indicates that the main cytotoxic effect of MMA
is not the impairment of energy metabolism in
PC12 cells, which are highly glycolitic. Indeed,
incubation media in the presence of BKA were
significantly acidified compared to controls,
suggesting these cells were more actively
glycolytic and generated more lactate. In
addition, the respiratory inhibitor antimycin A
was ineffective in leading to PT and decreasing
striatal slice viability. Thus, cell death appears to
be caused by non-selective inner membrane
permeabilization due to PT, and not by direct
metabolic effects of MMA,

In conclusion, our findings indicate that PT
is a cause of the loss of neural viability induced
by complex II inhibition. These results are in
line with studies showing increased
susceptibility of striatal mitochondria to Ca™-
induced PT (Brustovetsky ef al. 2003), and that
CsA protects against 3-NP toxicity to striatal
neurons (Leventhal er al 2000). Thus, we
suggest the possibility that PT inhibitors may be
interesting therapeutic candidates for the
prevention of neuronal damage under these
conditions, and should be thoroughly
investigated wusing im vivo models of
neurotoxicity in methylmalonic acidemia and
Huntington's disease.
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Legends fo iF._igua'es

Fig. 1 - Partial inhibition of mitochondrial
respiratory - chain  complex Il  induces
transmembrane  electrical potentinl  (AY)
dissipation in the presence of Ca’". Isolated rat
forebrain mitochondria (BM) (0.5 mg/ml) were
incubated at 28°C in standard reaction medium
containing 5 uM safranine O. Panels A-C,
mitochondrial oxygen consumption
measurements in the presence of 1 mM ADP
and varying concentrations of respiratory chain
compilex I inhibitors malonate (MA) (Panel A),
methylmalonate (MMA) (Panel B) or 3-
nitropropionate (3-NP) (Panel C). Panels D-F,
mitochondrial transmembrane  electrical
potential (AY) measurements. 40 pM MA
(Panel D, lines b, ¢, ¢), 4 mM MMA (Panel E,
fines b, ¢, €) or 300 pM 3-NP (Panel F, /ines b,
¢, €) were added where indicated. Ca®™ (40 pM)
was added to the experiments represented by the
lines ¢, d, e Lines ¢ represent experiments
conducted in the presence of the mitochondrial
permeability transition (PT) inhibitors 1 puM
cyclosporin A, 200 pM ADP and 1 pg/mi
oligomycin. Lines a represent conirol
experiments in the absence of respiratory
inhibitors and Ca®*. FCCP (1 pM) was added
where indicated by the arrows. a.u. = Arbitrary
units.

Fig. 2 - Partial inhibition of mitochondrial
respiratory  chain  complex II induces
mitochondrial swelling in the presence of Ca”".
BM (0.5 mg/ml) were incubated at 28°C in
standard reaction medium. 40 pM MA (Panel
A, lines b, ¢, €), 4 mM MMA (Panel B, lines b,
¢, €) or 300 uM 3-NP (Panel C, lines b, ¢, e)
were added where indicated. Ca®* (40 uM) was
added to the experiments represented by the
lines ¢, d, e. Lines c represent experiments
conducted in the presence of the PT inhibitors 1
uM cyclosporin A, 200 pM ADP and 1 pg/ml
oligomycin. Lines a represent conirol
experiments in the absence of respiratory
inhibitors and Ca™. Alamethicin (Alm.) (20
ug/mb) was added where indicated by the
arTows.
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Fig. 3 - PT induced by partial inhibition of
respiratory chain complex IT plus Ca** is inhibited
by the antioxidant catalase. BM (0.5 mg/ml) were
incubated at 28°C in standard reaction medium
containing 5 pM safranine O to estimate AW, 40 uM
MA (Panel A, Iines ¢, d), 4 mM MMA (Panel B,
lines ¢, d) or 300 M 3-NP (Panel C, lines ¢, d)
were added where indicated. Ca®™ (40 pM) was
added to the experiments represented by lines b, ¢
and 4. Lines ¢ represent experiments conducted in
the presence of 1 uM catalase. Lines a represent
control experiments in the absence of respiratory
inhibitors and Ca™*. FCCP (1 pM) was added where
indicated by the arrows.

Fig. 4 - PT induced by partial inhibition of
respiratory chain complex II plus Ca" is inhibited
by NADH-linked substrates. In Panel A, BM (0.5
mg/ml) were incubated at 28'C in standard reaction
medium containing 5 pM safranine O to estimate
A¥. 40 uM MA (lines b-d) and 40 uM Ca®* (lines a-
d) were added where indicated. Line b represents an
experiment conducted in the presence of 5 uM
rotenone and 10 mM pyruvate, 5 mM malate, 5 mM
a-ketoglutarate and 5 mM glutamate (NADH-linked
substrates). Lime ¢ represents an experiment
conducted in the presence of NADH-linked
substrates, FCCP (1 pM) was added where indicated
by the arrow. In Panel B, BM (0.5 mg/ml) were
incubated at 28'C in standard reaction medium, and
NAD{PYH fluorescence was measured as described
in Materials and Methods. 40 pM MA (lines a, b)
and 40 pM Ca®* (lines a, b) were added where
indicated by the arrows. 5 uM rotenone and NADH-
linked substrates were added where indicated (line
). Lines b and ¢ represent experiments in the
presence of 1 pM cyclosporin A, 200 uM ADP and
1 pg/mi oligomycin. Line ¢ represents a control
experiment without the addition of Ca®™ or MA.
Digmide (1 mM) was added to all experiments
where indicated.

Fig. 5 - Partial inhibition of mitochondrial
respiratory chain complexes I and IIT does not
induce PT in the presence of Ca*". BM (0.5 mg/ml)
were incubated at 28 C in standard reaction medium
containing 5 uM safranine O to estimate A'Y. The
experiments depicted in Panels B and D were
conducted in the presence of the NADH-linked
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subsirates 10 mM pyruvate and 5 mM malate,
instead of succinate. Panels A and B,
mitochondrial oxygen consumption
measurements in the presence of 1 mM ADP
and varying concentrations of the complex III
inhibitor antimycin A (Panel A) or the complex
I inhibitor rotenone (Panel B). Panels C and D,
effect of complex I and III inhibitors and Ca®
on A%. 20 oM antimycin A (Panel C, lines b, d,
e) or 5 nM rotenone (Panel D, /ines b, d ¢) were
added where indicated. Ca®™ (40 pM) was added
to the experiments represented in lines ¢, d and
e. Lines e represent experiments conducted in
the presence of the PT inhibitors 1 pM
cvclosporin A, 200 M ADP and 1 ug/ml
oligomycin. Linres a represent confrol
experiments in the absence of respiratory
inhibitors and Ca®". FCCP (1 uM) was added
where indicated by the arrows.

Fig. 6 - Isolated liver and kidney mitochondria
are less sensitive to PT induced by partial
respiratory chain complex I inhibition plus
Ca". Tsolated rat liver (LM) (Panels A and C)
or kidoey (KM) (Panels B and 1) mitochondria
(0.5 mg/mi) were incubated at 28°C in standard
reaction medium containing 5 M safranine O.
Panels A and B. mitochondrial oxygen
consumpiion measurements in the presence of 1
mM ADP and varying concentrations of the
complex II inhibitor MA. Pamels C and B,
effect of MA and Ca™ on AW. MA (100 uM,
lines d; 200 uM, lines ¢ or 400 uM, lines b and
£} was added where indicated. Ca™ (100 uM)
was added to the experiments represented by the
lines b-f. Lines b represent experiments
conducted in the presence of the PT inhibitors 1
uM cyclosporin A, 200 uM ADP and 1 pg/mi
oligomycin. Limes a represent control
experiments. FCCP (1 uM) was added where
indicated by the arrows.

Fig. 7 - PT induced by partial inhibition of
respiratory chain complex I plus Ca™* is
dependent on mitochondrial Ca* uptake. BM
(0.5 mg/ml) were incubated at 28 C in standard
reaction medium containing 5 pM safranine O to
estimate AY. MMA {4 mM) was added at 2 min

Journal of Neurochemisiry {resubmitted version - 2004}

{lines d, e} or at 7 min (lines a-c). Ca®* (40 M) was
added at 2 min (lines a-¢) or at 7 min (fines d e).
The experiments represented by the lines g, cand e
were conducted in the presence of 10 mM NaCl.
Line a rtepresents an experiment in which 1 pM
ruthenium red was added where indicated. FCCP (1
pM) was added where indicated by the arrow.

Fig. 8 - PT induced by partial inhibition of
respiratory chain complex I plus C& s
dependent on A¥-driven Ca’' uptake. BM (0.5
mg/ml) were incubated at 28'C in standard reaction
medium in the presence of 100 nM FCCP and 2 uM
Ca®* ionophore A23187. 4 mM MMA (lines b, d)
and 250 uM Ca™ (lines ¢, d) were added where
indicated. Line a represents a control experiment. A
second addition of Ca’” (500 uM) was made where
indicated (*) (lines ¢, d). Alamethicin (Alm.) (20
ng/ mi) was added where indicated by the arrow
(line d).

Fig. 9 - MMA-induced PCI2 cell death is
prevented by PT inhibitors. Cultured PC12 cells
were incubated for 24 hours in the presence of 20
mM MMA, 1 M CsA, 1 puM bongkrekic acid
{BKA) and/or 0.1 uM FKS506, as indicated. Total
cell contenis (Panel A, empty bars), non-viable cells
(Panel A, grey bars) and medium pH (Panel B)
were measured as described in Materials and
Methods. * = p < 0.05, relative to control: # =p <
0.05 to MMA.

Fig. 10 - MMA-induced decrease in striatal slice
vighility is prevenied by the PT inhibitor
cypelosporin A. Rat siriatal slices were incubated for
3 hours in the presence of 3 mM MMA, 1 uM CsA,
and/or 1 uM antimycin A, as indicated. Slice
viability was measured as described in Materials and
Methods. * = p < 0.01, relative to control; # =p <
0.01 relative to MMA.
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A manutengio da homeostase de Ca*" intracelular é crucial para a sobrevivéncia
de neurbnios e a disfungdo mitocondrial pode estar envolvida em muitas desordens do
sisterna nervoso central (CHOI, 1995; FISKUM et al., 1999; NICHOLLS e BUDD, 2000).
Durante o actimulo de Ca®" citos6lico, a mitocondria é a principal organela responsavel pela
captagdo de Ca®" (NICHOLLS e BUDD, 2000). O aumento da concentragio de Ca®* na
matriz mitocondrial pode induzir a PMT, que ¢ caracterizada por uma permeabilizaciio
progressiva da membrana mitocondrial interna que, gradativamente, se torna permedvel a
protons, suporte osmético € até mesmo a pequenas proteinas, resultando em inchamento
mitocondrial, rompimento da membrana externa ¢ liberagdo de fatores apoptogénicos para
o citosol (ZORATI e SZABO, 1995; GREEN e REED, 1998; KROEMER et al., 1998;
KOWALTOWSKI et al., 2001).

Considerando evidéncias de que a PMT em mitocdndrias de figado e coracdio
pode ser mediada pela agdo entre Ca”* ¢ EROs, levando a oxidacdo de grupos tidlicos de
proteinas de membrana (VALLE et al., 1993; CASTILHO et al., 1995; GRIJALBA et al.,
1999; KOWALTOWSKI et al, 2001) ¢ o papel da mitocondria como mediadora de
processos oxidativos que ocorrem em algumas desordens neuroldgicas, examinamos a
participagio do estresse oxidativo na PMT induzida por Ca** em mitocdndrias isoladas de

ceérebro.

Os resuitados presentes indicam a participacdo de estresse oxidativo na PMT
induzida por Ca®", evidenciada por: i) inibicio promovida pela catalase da dissipacdo do
potencial elétrico de membrana (A¥) induzida por Ca’* e da liberagio mitocondrial de Ca*™*
(FIG. 2, ARTIGO 1); i) aumento da produgio de EROs apés a PMT (FIG. 2, ARTIGO 1);
e iif) deplecdo de nucleotideos de piridina reduzidos e oxida¢do de lipideos de membrana
associada 4 PMT (FIGs. 5 ¢ 6, ARTIGO 1).

O estresse oxidativo, detectado por meio da oxidagio de diacetato de
diclorodihidrofluoresceina (HDCF-DA), foi observado apés a captagio de Ca™ e
totaimente inibido pelos inibidores do poro de PMT, ADP e ciclosporina A (CsA) (FIG. 3,
ARTIGO 1). Estes resultados sugerem que o Ca’" estimula a producio de EROs em um
sitio especifico na membrana mitocondrial interna, onde EROs oxidariam grupos tidis de
proteinas permitindo a abertura do poro de PMT (VALLE et al., 1993; CASTILHO et al.,
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1995; KOWALTOWSKI et al., 1996; KOWALTOWSKI et al., 1998). Provavelmente estas
EROs ndo sejam detectadas antes da PMT, pelas medidas de oxida¢do de H,DCF-DA,
devido aos seus efeitos local e instantdneo nas proteinas de membrana (STADTMAN,
1990).

Nossos resultados mostrando um aumento da produciio de EROs mitocondrial
seguido da despolarizagdo da membrana contrastam com a esperada diminuicio da
producdo de EROs apos a despolarizaciio da membrana mitocondrial em condicdes controle
(BOVERIS e CHANCE, 1973; SKULACHEV, 1996). A despolarizacio na membrana
aumenta o fluxo de elétrons na cadeia respiratéria mitocondrial, diminuindo assim o estado
reduzido dos carreadores de elétrons e a tensdo de oxigénio. Isto deveria minimizar a
producio de superoxido ao nivel dos complexos I e I (BOVERIS e CHANCE, 1973;
SKULACHEV, 1996).

O estresse oxidativo induzido pela PMT, observado em nossos estudos,
provavelmente seja resultado do estimulo da produgiio de EROs mitocondrial e/ou uma
deficiéncia nos sistemas antioxidantes mitocondriais. A PMT pode resultar em alteragdes
estruturais da membrana mitocondrial interna, afetando a fungfo da cadeia respiratéria
mitocondrial, inchuindo o transporte de elétrons pelé coenzima QQ, e favorecendo a redugio
monoeletronica do oxigénio (gerando radical superdxido) em passos intermediarios da
cadeia respiratéria. Além disto, a PMT induz a liberagio de citocromo ¢ do espaco
intermembrana, resultando em estimulo para a produgfio de superéxido (CAI ¢ JONES,
1998). Sabe-se que a PMT, com despolarizacio da membrana mitocondrial, compromete o
sistema  antioxidante mitocondrial glutationa redutase/peroxidase e tioredoxina
redutase/peroxidase, que depende do NADPH para reduzir H,O, em 4gua. A PMT resulta
em dissipagfio do gradiente eletroquimico transmembrana de prétons e, nesta situacdo, a
NADP transidrogenase nfio € capaz de manter o poder redutor mitocondrial (NADPH,
glutationa e tioredoxina reduzidas), favorecendo o estresse oxidativo (VERCESI, 1987;
HOECK ¢ RYDSTROM, 1988). Além disto, a abertura do poro de PMT resulta em perda
de NAD(P)H e de glutationa intramitocondrial para o meio extramitocondrial IGBAVBOA
et al., 1989). De fato, nossos estudos mostram uma diminuicio, parcialmente devido a
oxidacdio, na concentragdio de NAD(P)H apds a PMT em mitocOHndrias de cérebro de rato
(FIG. 5, ARTIGO 1). Sugerimos que em mitocondrias de cérebro, a PMT induzida pelo

Discussdo

116



estresse oxidativo, com conseqiiente peroxidacio lipidica de membrana (FIG. 6, ARTIGO
1}, resulte em dano da fosforilagdo oxidativa mitocondrial e em permeabilizacdo
irreversivel da membrana mitocondrial interna. Desta maneira, 0 estresse oxidativo e a
disfuncio mitocondrial induzidos pela PMT participariam da cascata de eventos que
antecedem a morte neuronal em condigdes de acumulo de Ca®* citoplasmatico
{ORRENIUS et al., 2003).

A PMT induzida pelo Ca®* foi estimulada por Na* (FIG. 4, ARTIGO 1). Isto
sugere que o aumento de Ca’’ livre citoplasmatico acompanhado pelo aumento da
concentragio de Na', como observado em condigSes excitotoxicas (CHOL, 1988), pode
levar a um estimulo da PMT e ao estresse oxidativo. Estes resultados estio de acordo com
estudos prévios (DYKENS, 1994), mostrando que Na™ aumenta a produgio de EROs em
mitocdndrias isoladas de cérebro e cerebelo na presenca de Ca®*. Todavia, KRISTAL et al.,
2000 ndo observaram efeito significativo de Na™ sobre a PMT em cérebro avaliada pelo
inchamento mitocondrial. Esta observaco aparentemente contrasta com nossos resultados,
mostrando que o Na’ potencializa a dissipagio do A¥ induzido por Ca’ e a liberagdo
mitocondrial de Ca®* (FIG. 4, ARTIGO 1). Provavelmente, as medidas do inchamento
mitocondrial, secundario a entrada de suporte osmético, podem nfio detectar pequenas
alteragOes na permeabilidade da membrana mitocondrial (GUNTER e PFEIFFER, 1990),
explicando os resultados de KRISTAL e colaboradores (2000).

A mitocondria tem sido implicada na excitotoxicidade, incluindo o aumento da
produgdo de EROs e participago na cascata de eventos que antecedem a morte celular por
apoptose ou necrose (NICHOLLS e BUDD, 2000). Além disto, a PMT e excitotoxicidade
tém sido implicadas na morte neuronal em modelos de isquemia, hipoglicemia e trauma
cerebral (FRIBERG et al, 1998; UCHINO et al, 1998; FISKUM et al, 1999;
MATSUMOTO et al, 1999). Com a finalidade de investigarmos o envolvimento da PMT
na excitotoxicidade em ratos ¢ camundongos, por meio da infusfo estriatal de acido
quinolinico, um agomista enddgeno de receptores NMDA, utilizamos ratos tratados
sistemicamente com CsA (UCHINO et al, 1998) e camundongos que hiperexpressam
Bel-2, um inibidor de PMT (MARTINOU et al., 1994; MURPHY et al,, 1996).
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Em nossos estudos, ndo observamos nenhum efeito protetor de Bcl-2
(FIGURA 1, ARTIGO 2) ou CsA (FIGURA 2, ARTIGO 2) nas lesdes estriatais
promovidas por 4cido quinolinico, indicando que a excitotoxicidade ndo € dependente da
PMT neste modelo experimental de excitotoxicidade. Os resultados encontrados neste
trabatho estio de acordo com resultados anteriores, obtidos em cultura de células
granulosas cerebelares, mostrando que CsA e bongkrekato (BKA), um inibidor do poro de
PMT por ligar-se ao translocador de nucleotideo de adenina, um suposto componente do
poro de PMT (MARCHETTI et al., 1996; BUDD et al.,, 2000; HAWORTH e HUNTER,
2000), ndo inibem a lesfio celular induzida por glutamato (CASTILHO et al, 1998). De
acordo com nossos resultados, um efeito limitado de CsA na morte celular induzida por
glutamato em cultura de neurdnios do hipocampo foi recentemente observado por
BRUSTOVETSKY e DUBINSKY, 2000. Provavelmente a falta de efeito da CsA na leséio
estriatal induzida por 4cido quinolinico em ratos nfio seja devido 4 fatha de inibicéio da
PMT in vivo, ja4 que mitocdndrias isoladas de cérebro de ratos tratados com CsA
apresentam resisténcia 2 PMT imnduzida por Ca®” quando comparadas com organelas
isoladas de ratos controles (FIG. 3A, ARTIGO 2).

A hiperexpressdo de Bcl-2 em linhagens celulares resulta em protecdo contra a
PMT induzida por Ca”* (MURPHY et al., 1996; SHIMIZU et al., 1998; ZAMZAMI et al.,
1998; KOWALTOWSKI et al, 2000) e resulta também em prote¢do contra a apoptose, a
qual envolve a liberacdo de fatores apoptogénicos mitocondriais como o citocromo ¢
(MARTINOU e GREEN, 2001). Viérios estudos tém demonstrado que camundongos
transgénicos que hiperexpressam Bcl-2 apresentam protegio contra a morte celular
promovida por estresse oxidativo (MERAD-SAIDOUNE et al,, 1999), inibicdo da cadeia
respiratéria (YANG et al, 1998; BOGDANOV et al, 1999) e privagio de glicose
(SCHIERLE et al., 1999). Entretanto, YANG et al., 2000 nfio observaram intbi¢io da PMT
em mitocondrias isoladas de figado de camundongos transgénicos que hiperexpressam
Bcl-2 sob o controle da enolase especifica de figado. Nossos resultados com camundongos
transgénicos que hiperexpressam Bcl-2 sugerem que a morte estriatal induzida por acido

guinolinico nfo ¢ dependente da rota apoptdtica de morte celular sensivel a Bel-2.
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Em nossos experimentos, escolhemos injetar uma concentracio e volume de
acido quinolinico que causasse lesfo em aproximadamente 50% do volume estriatal, ja que
esperavamos observar um efeito protetor da CsA e Bcl-2 em neurbnios estriatais. A lesdo
(morte celular) é completa no local onde foi inserida a agulha da infusio e, ao redor da
infusiio por acido quinolinico, hd uma penumbra onde poucos neurdnios sobreviveram,
local este onde esperdvamos observar os efeitos protetores de CsA e Bel-2 (NAKAO et al.,
1996; DIRNAGI et al., 1999). Assim sendo, se a CsA e/ou Bcl-2 tivessem manifestado
qualquer efeito neuroprotetor em baixas concentracdes de acido quinolinico, seria esperado

que estes agentes inibissemn a morte neuronal na zona de penumbra.

Os resultados encontrados no ARTIGO 2, indicando que a PMT nio esta
envolvida na morte celular induzida por 4cido quinolinico, sfo inesperados, visto que o
hiperestimulo de receptores NMDA resulta em um aumento do influxo de Ca®" e Na*
seguido do actmulo de Ca" mitocondrial (NICHOLLS e BUDD, 2000) ¢ aumento da
produgdo de EROs (CASTILHO et al., 1999), situagdes que favorecem a PMT (ZORATTI
e SZABO, 1995; KOWALTOWSKI et al, 2001; ARTIGO 1). Todavia, uma possivel
explicacdo para a nfo participagiio da PMT em nossos experimentos ¢ a presenca de
inibidores enddgenos neste fendmeno in vive, como 0s nucleotideos de adenina. De fato,
observamos inibigio da PMT induzida por Ca™ in vitro na presenca de concentracdes
micromolares de ATP e, em menor extensio, de ADP (FIG. 3B, ARTIGO 2). Outra
possibilidade € que, sob nossas condicGes experimentais, as vias mitocondriais de morte
neuronal, incluindo PMT, sdo desviadas por vias intracelulares que eventualmente resultam
em morte celular. Nossos resultados sugerem que em situagles em que ocorre deplegio
intracelular de ATP e¢ ADP, como na isquemia cerebral (UCHINO et al, 1998§;
MATSUMOTO et al, 1999) e hipoglicemia (FRIBERG et al., 1998), pode ocorrer a
participacdo da PMT na excitotoxicidade.

Considerando que a ibicBo do complexo II da cadeia transportadora de
elétrons estd envolvida na patogénese de algumas doencgas neuroldgicas (BEAL, 1998),
como na doenca de Huntington (GU et al., 1996; BROWNE et al., 1997) e na acidemia
metilmalonica, mvestigamos os efeitos da inibico do complexo II da cadeia respiratoria

mitocondrial e sua influéneia na PMT no SNC. A acidemia metilmaldnica ¢ uma desordem
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metabolica que envolve déficit na conversdo de metilmalonil-CoA em succinil-CoA
(MATSUI et al, 1983; LEDLEY, 1990; SWEETMAN e WILLIAMS, 2001), resultando

em manifestacdes neurologicas como encefalopatias ¢ coma nos primeiros meses de vida.

A fim de monitorarmos os efeitos de mibidores do complexo I em
mitocdndrias de cérebro, utiizamos malonato (MA), um inibidor competitivo, 3-NP, um
inibidor ndo competitivo e irreversivel da respiracdio mitocondrial, € metilmalonato
(MMA), que inibe a respiracdo mitocondrial através da producdo de metabdlitos
intramitocondriais (OKUM et al., 2002). Os resultados encontrados mostram que 50% da
inibigdo da respiracdo mitocondrial por MA, MMA ou 3-NP t€m um efeito smérgico com a
adicio de baixas concentracdes de Ca’", levando & perda do AW (FIG. 1, ARTIGO 3). Esta
perda do AY é causada pela PMT, pois é acompanhada pelo inchamento da mitocdndria e
pdde ser prevenida por CsA e ADP (FIG. 2, ARTIGO 3). Interessantemente, mitocondrias
de figado e rim requerem uma maior inibicio da cadeia respiratoria mitocondrial por MA,
além de maiores concentragdes de Ca®* (FIG. 6, ARTIGO 3) para inducio da PMT,
sugerindo uma maior sensibilidade do cérebro a indugfio da PMT por inibidores do
complexo II. Estas evidéncias contribuem para trabalhos que descrevem diferentes
caracteristicas da PMT e captagiio mitocondrial de Ca®* no cérebro (SIESJO e SIESIO,
1996; ANDREYEV e FISKUM, 1999; BRUSTOVETSKY et al., 2003).

Em mitocOndrias de cérebro, a perda do AY e o inchamento mitocondrial
promovidos por Ca® e inibidores do complexo II sdo parcialmente prevenidos pelo
antioxidante catalase (FIG. 3, ARTIGO 3), indicando que a PMT esta associada com a
producio de EROs, como observado em varios modelos (KOWALTOWSKI et al., 1996;
CASTILHO et al., 1998; ARTIGO 1). Além disto, a PMT promovida por MMA ¢ Ca®* ¢
prevenida por substratos dependentes de NADH, mesmo na presen¢a de rotenona, um
inibidor do complexo 1. Baseados nestes resultados, acreditamos que a PMT promovida por
MMA ¢ prevenida pelo acimulo de NAD(P)H intramitocondrial, aumentando sua
capacidade redox (CHALMERS e NICHOLLS, 2003). Os resultados apresentados estdo de
acordo com resultados de ZAGO et al., 2000, que demonstram que a PMT pode ser inibida
pelo actimulo intramitocondrial de NADH ¢ NADPH.
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As EROs na mitocondria sdo aumentadas na presenca de inibidores da
respiragio mitocondrial e Ca**, tendo como exemplo o aumento de EROs pela inibigfio do
complexo 1 por rotenona na presenga de concentragdes micromolares de Ca** (STARKOV
et al., 2002; SOUSA et al., 2003). Entretanto, este estresse oxidativo nfo € necessariamente
o causador da PMT em nossas condigdes (ARTIGO 3), como indicado pela auséncia de
permeabilizacdo mitocondrial, quando Ca®* foi adicionado na presenca de rotenona ou
antimicina A (FIG. 5, ARTIGO 3). Assim, somente a inibigio da respiragiio e/ou o estresse
oxidativo ndio sdo suficientes para causar a PMT em nosso modelo experimental. A causa
para o aumento de suscetibilidade para a PMT parece envolver a perda de habilidade
mitocondrial para responder adequadamente com estimulo respiratorio diante da captagio
de Ca®*, quando a respiragdo mantida por succinato encontra-se parcialmente inibida. De
fato, o estimulo do ciclo de Ca*" através do efluxo pelo trocador Ca®*/Na' intensifica o
efeito de MMA na induco da PMT (FIG. 7, ARTIGO 3). A PMT também € menor quando
a mitocndria acumula Ca*" antes do MMA ser adicionado (FIG. 7, ARTIGO 3) e a PMT
induzida por MMA ndo € observada em mitocondrias desenergizadas de cérebro, em que a
entrada de Ca’™ foi promovida pelo A23187, um ionéforo de Ca®* (FIG. 8, ARTIGO 3).
Assim, sugerimos que, nas condi¢des em que a respiragio mitocondrial estd parcialmente
inibida por MMA, o aumento no transporte de elétrons devido & captacdo de Ca’' leva ao
estresse oxidativo ¢ a PMT. Estes resultados sugerem que a diminuiciio do transporte de
elétrons pela succinato desidrogenase (SDH) leva a mitocondria a uma maior sensibilidade

a oxidantes endogenos e A captacéio de Ca’" mediada pelo AW.

Utilizando um modelo de acidemia metilmaldnica em células PC12 mtactas,
confirmamos a ocorréncia de PMT por meio da prevengo, por CsA, da morte celular
induzida por MMA (FIG. 9, ARTIGO 3). A CsA também previne a morte celular induzida
por MMA em fatias estriatais (FIG. 10, ARTIGO 3). Além disto, BKA também previne a
morte celular induzida por MMA. Considerando que o BKA, que inibe a fosforilacdio
oxidativa por inibir o translocador de nucleotideo de adenina, promove a conservacio da
viabilidade celular na presenca de MMA, conclui-se que o efeito citotéxico de MMA ndo é
devido primariamente & deficiéncia do metabolismo energético destas células. De fato, o
meio de incubagdo na presenga de BKA ¢ significantemente acidificado comparado com os

controles (FIG. 9, ARTIGO 3), sugerindo que estas células estio ativamente mais
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glicoliticas e gerando mais lactato. Além disto, a antimicina A, um inibidor do complexo LI
da cadeia respiratoria mitocondrial, nfo se mostrou eficaz na indu¢dio da PMT ¢ diminuic&o
da viabilidade de fatias estriatais (FIG. 10, ARTIGO 3). Assim sendo, a morte celular neste
modelo parece ser causada pela PMT promovida pela presenca de MMA, e néo diretamente
devido aos efeitos metabolicos do MMA.

Em nossos estudos, por meio de modelos experimentais in vitro e in vivo
associados a mudangas no metabolismo energético, incluindo isquemia cerebral, acidemia
metilmalonica e doenca de Huntington, propomos que a disfungfo mitocondrial e a PMT
induzida pelo estresse oxidativo participam da liberagfio de sinais apoptogénicos que
determinam a morte celular associada ao actmulo de Ca® citosélico. Além disto,
sugerimos o envolvimento da integridade mitocondrial no modelo de morte neuronal da
acidemia metilmalénica; especulando que inibidores da PMT sdo potencialmente
candidatos a intervencdes terapéuticas para prevencio de danos neuronais em pacientes

com acidemia metilmaldnica e, possivelmente, na doenga de Huntington.
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